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THE DEVELOPMENT OF ROOT HAIRS IN 
ANGIOSPERMS 


R. G. H. CORMACK? 
University of Alberta 


INTRODUCTION 


Studies in developmental morphology show a growing tendency 
to emphasize causal! factors. There is also an increasing tendency 
on the part of investigators to apply the experimental method to 
studies in this field. In short, the essence of this approach is the 
subjection of a well defined plant structure to an intensive develop- 
mental study and the verification and modification of the hypotheses 
which invariably arise. Sifton (84), in pointing out the merits of 
the experimental method, states that in this way “The investigator 
not only gains insight into the particular, perhaps very limited and 
specialized, subject of his investigation, but in doing so uncovers 
points of general application that have, from lack of such work, 
hitherto been overlooked”. 

What is true of studies of developmental morphology in general, 
is also true of studies relating to the development of root hairs. 
Almost from the beginning investigators in this field have been 
assailed by questions of cause ; for instance : why does a protuberance 
arise and why does it grow into a cylindrical hair; why does one 
epidermal cell form a hair and a neighboring cell remain hairless ; 
and why do the roots of some plants form hairs under certain con- 
ditions and fail to do so under others? These questions have not 
always been attacked specifically, and the data in many cases are 
widely scattered. Snow’s paper (88) includes a satisfactory review 
of the work done on root hairs prior to 1905. Since then Farr 
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his interest and kindness in reading the manuscript. 
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(33) has summarized the literature on root-hair elongation, while 
Miller (65) has dealt in detail with the physiology. Thus the 
object of the present paper is to discuss the problem from the 
developmental standpoint. Such a treatment will place the empha- 
sis directly on the hair-forming cells and on the various factors 
which influence their growth and behaviour. 


THE EPIDERMIS 


The epidermal cells of roots, whether they produce root hairs or 
not, are the most important absorbing cells in higher plants. Be- 
sides their connection with the phenomena of absorption, their 
superficial position and arrangement in longitudinal rows lend 
themselves readily to microscopic observation. 

In view of these facts it is not surprising that root epidermal cells 
have received a great deal of attention. The three points to be 
considered under this heading in the present review are the con- 
dition of the epidermis, initiation of the root hairs and succession 
of them. 

Condition of the Epidermis. As seen in surface view, the root 
epidermis consists of long vertical rows of elongate thin-walled 
parenchyma cells which fit closely together with no intercellular 
spaces between them. Contrary to general opinion, the epidermis 
is not the same for all roots. In some roots it is clearly differ- 
entiated into short and long cells, while in others, though all the 
cells may appear to be of the same length, they are found on close 
examination to vary greatly in length in the same region and from 
one region to another in the same root. Consequently numerous 
attempts have been made to establish a relationship between cell- 
length and root-hair production. 

Several investigators have associated specialized epidermal cells 
with root hairs. Where this condition is most obvious, as in the 
roots of certain water plants (94, 81, 53), the hair-forming cells 
are much shorter than the rest, being cut off by transverse walls 
at an early stage of development. Not only are they shorter than 
the adjacent hairless cells but they differ often in shape and in cell 
contents. Leavitt (56) made a critical study of this specialized 
type of hair-forming cell and called them “trichoblasts”. He found 
them not only in water-plant roots but also among the higher cryp- 
togams and certain monocotyledons. More recently Wilson (99) 
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has observed them in the roots of Elodea canadensis, Potamogeton 
densus and Alisma plantago. In these roots the trichoblasts are 
identifiable in the meristematic region long before the hairs are 
developed. At this stage they have thicker walls, larger nuclei and 
denser protoplasm than the long hairless type of cell. Because of 
certain peculiarities in the development of the hairs, Elodea roots 
have been the subject of considerable experimentation (13, 50), the 
results of which will be discussed later under another heading. 

Some work has been done on roots that lack the well-defined 
trichoblastic type of cell. In this type of root, all the cells appear 
alike, and any cell seems capable of forming a hair. From her 
measurements of the epidermal cells of this type of root, namely, 
corn, wheat, peas, beans and squash, Snow (88) concludes that, 
although no definite length can be given as the limit for hair de- 
velopment, the average length of the hair-forming cells is less than 
that of the hairless cells: In her opinion it is the differential 
elongation of the epidermal and cortical cells that is significant and 
hair-production in roots of this kind depends on the ratio between 
the capacity of the epidermal cells to elongate and their ability to do 
so. Bardell (3) reaches the same conclusion, but Roberts (78) 
does not agree with this view and does not approve of the experi- 
mental data. The latter’s measurements for roots of this type show 
that for corresponding epidermal and cortical cells there is no 
definite relation between cell length and hair-forming potential. In 
the opinion of the present writer, none of these workers, with the 
exception of Roberts, considered the extreme variability in epi- 
dermal cell-length that may occur in roots of this type. Conse- 
quently their measurements, taken at random over the whole root 
surface, are of little value in trying to establish a relationship be- 
tween cell-length and root-hair production. 

Recent attempts to establish a relationsiiip between epidermal 
cell-length and root-hair development are the most pertinent. In 
his studies concerning the development of root hairs, the present 
writer (12-17) distinguishes two main types of root epidermis, 
namely, differentiated and undifferentiated. For instance (12), 
in cabbage and white mustard roots the epidermis is differentiated 
into short and long cells. However, in these roots the short cells 
are arranged in distinct rows and are much less specialized than the 
trichoblasts of Leavitt. Normally the short cells produce the hairs, 
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while the long cells remain hairless. Under ordinary conditions 
root hairs are abundantly developed, but they are not always uni- 
formly spaced. Alternating zones of longer and shorter cells occur, 
either normally or as a result of changing the environmental con- 
ditions. In the most sparsely haired zone, epidermal cell-length 
is at a maximum and some or all of the short cells may be hairless, 
while in the most densely haired zones, epidermal cell-length is at 
a minimum and even the long cells form hairs. In the other type 
of epidermis (12, 15), exemplified by roots of tomato, corn and 
endive, any cell seems capable of forming a hair, and both hairless 
and hair-producing cells appear to be much the same in length. 
However, when measurements are restricted to short distances or 
to well marked zones of longer and shorter cells, a definite relation- 
ship between epidermal cell-length and root-hair development is 
clearly evident. Not only is this true, but there is also a well 
marked relationship between epidermal cell-length and length of 
the full grown hair. The longest cells either are hairless or merely 
produce papillae, while the shortest cells produce the longest hairs. 
In both types of root epidermis, however, the formation of root 
hairs is markedly dependent on external conditions which modify 
the hardening of the epidermal cell walls. As will be described 
later, this hardening comes about through gradual incorporation of 
calcium into the outer wall layer of the growing hair. 

Two main types of root epidermis are recognized by Sinnott and 
Bloch (85-87, 4) among certain related genera of the grass family. 
In one type, exemplified by Phleum and Poa, the last division in the 
meristematic region is an unequal one which results in a small 
trichoblast and a larger cell which does not form a hair. The 
trichoblast, which is more richly protoplasmic, is always toward 
the tip of the root, and the hairless cell toward the base. During 
elongation the trichoblasts grow less than the hairless cells and at 
maturity form the hairs. In roots of the other type, namely, 
Sporobolus and Chloris, the last division is more equal, and both 
daughter cells may form a hair. The occurrence of trichoblasts 
in Phleum roots has been subsequently confirmed by Brumfield 
(8) and Cormack (14), but the latter has observed that consider- 
able variation in the length of both trichoblastic and hairless cells 
may occur and that under suitable conditions both types of cells 
will form hairs. 
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Root-Hair Initiation. The emergence of a hair and its position 
in respect to the epidermal cell from which it originates present 
interesting problems which have received relatively little attention 
in relation to their importance. This may explain in part the con- 
fusion which exists in text-books in this connection. In certain 
cases the text-book figures are inaccurate; in others they are atypi- 
cal with no reference to the identity of the plant; and in still others 
it is difficult to ascertain whether the hair is just beginning to grow 
or has reached its final size. 

Accordin; to Snow (88), in corn roots the hair originates near 
the tip of the root where the cells are isodiametric. Nearly the 
whole wall curves at first, but as the epidermal cell continues to 
elongate, this primary swelling becomes a papilla. Subsequent 
study, however, has shown that corn roots are extremely sensitive 
to changes in the environmental conditions and that considerable 
variation occurs in the formation of the hairs. Roberts (78), 
working with endive and lettuce roots, observed that the initial 
formation of the root hair is indicated by a general sweiling, and that 
further swelling, followed by growth, takes place at the less resistant 
portion of the wall. Robert’s concept of root-hair emergence has 
been further developed by the present writer (12) in his study of 
root-hair development in cabbage and white mustard roots. In 
these roots the hair emerges as a small bulge invariably near the 
apical end of the epidermal cell. There is strong evidence that the 
wall is softer at this point and that longitudinal growth of the 
epidermal cell has ceased in these roots by the time a hair begins 
to push out. Under favourable conditions, where the epidermal cell 
walls harden gradually but rapidly, the hair emerges at the extreme 
end of the cell, often projecting over the cell immediately below. 

In their study of cell polarity and the differentiation of root hairs 
in related genera of small-seeded grasses, Sinnott and Bloch (86) 
have shown that there are markedly different types of root-hair 
determination. For example, in Phlewm the hair originates from 
near the apical end of the trichoblast, while in Sporobolus it appears 
to originate near the middle of the cell. From these observations 
they emphasize the importance of certain inherent qualities of the 
protoplasm in the development of root hairs and assume that there 
is a strong apical tendency in Phleum roots and a much weaker 
tendency in Sporobolus. This hypothesis is certain to meet with 
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criticism if for no other reason than that it does not interpret the 
nature of the mechanism. It is very apparent that biological phe- 
nomena are inextricably involved with the function of the living 
protoplasm. However, to say that the protoplasm influences root- 
hair determination without explaining how and to what extent 
seems to the present writer to be merely evading the issue. 

After re-investigating the development of root hairs in these two 
grasses, the present writer (14) has arrived at a practical inter- 
pretation that takes into consideration the influence of the environ- 
mental conditions in root-hair determination. Critical study showed 
that the original position of the emerging hair is apical in both roots 
but that its final position is dependent on the capacity of the hair- 
forming cell to grow longitudinally after a hair has begun to push 
out. For instance, in Phleum the hair originates as a narrow bulge 
at the apical end of the hair-forming cell when that cell has reached 
or almost reached its final length. Consequently in this root the 
apical position of the hair is maintained. On the other hand, in 
Sporobolus the hair originates as a wide bulge or papilla at or very 
near the apical end of a young cell, while in a mature cell its position 
is usually more central. This evidence indicates that the epidermal 
cells are still growing in length in the hair-producing region of 
Sporobolus roots. This view is further supported by work (15) 
with tomato roots, the epidermis of which is similar to that of 
Sporobolus. In this study careful measurements show that the 
epidermal cells are still growing in the region where the papillae 
first make their appearance and that the apical end of the cell grows 
more rapidly than the basal end. Accordingly the final position of 
the mature papilla, or hair, will depend on the length of time the 
apical end continues to grow. If this period is short the original 
apical position will be more or less maintained; if greatly pro- 
tracted, the papilla will be found in the middle and occasionally in 
the basal portion of the full-grown cell. As in previous studies 
with roots of other plants, the formation of root hairs is shown to 
be dependent on external conditions whose effect is produced by 
their ability to modify the hardening of the epidermal cell walls. 

In connection with the emergence of root hairs, the position of the 
nucleus has not been overlooked. Haberlandt (39) observed that 
the nucleus lies along the exterior wall in the vicinity of the incipient 
protuberance, and when further growth takes place the nucleus 
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follows along at a rather uniform distance behind the growing root- 
hair tip. Windel (100) and Farr (24) have corroborated Haber- 
landt’s observations, though in a later study with bifurcated hairs 
the latter (32) believes that the nucleus may sometimes have a re- 
tarding effect on root-hair growth by interferring with proto- 
plasmic streaming. Previous to this, Kiister (54) and Roberts 
(78) were not convinced of any relation between the position of 
the nucleus and the original swelling of the epidermal cell wall. 
The most recent observations (15, 86) support those of Haber- 
landt, but how the nucleus influences the initiation of a root hair 
is still a matter of conjecture. 

Succession of Root Hairs. It is common knowledge that root: 
hairs develop acropetaly, the first hairs appearing very close te 
the root apex. The acropetal development of root hairs was first 
observed by Schwarz (82) and, though denied by Devaux (19),° 
has been generally accepted. Haberlandt (40) in particular em-: 
phasizes the fact that new hairs never develop among existing ones. 

In most seedling roots the acropetal development of root hairs 
results in a uniform gradation in the length of the hairs beginning - 
with those nearest the root apex. In some roots, however, a 
mingling of long and short hairs is observed. Roberts (78) has 
noticed the mingling of papillae and hairs when roots of alfalfa, - 
cabbage and Verbascum are grown in moist air, but no definite - 
conclusions of its cause are reached. Pinkerton (69) has described. ‘ 
the mingling of long and short hairs in the roots of lettuce seedlings 
and concludes that in this case new hairs could arise at various . 
indiscriminate places in the piliferous layer. Once again, however, ~ 
it was not made clear whether the shorter hairs were actually new * 
ones or whether they had failed to elongate to the same extent as 
the longer hairs. The present writer’s observation (15) that in 
tomato roots the epidermal cells continue to elongate in the hair- ° 
producing region may explain the mingling of hairs of different 
lengths. Careful measurements showed that the length of time 
that elongation continues at the apical end of the hair-forming cell ‘ 
determines the final position of the papilla in the mature cell and 
also determines whether a papilla remains or grows into a hair. 
Thus where papillae are mixed with short hairs in the mature 
region of this root they are not new, but represent papillae whose 
development is arrested almost as soon as they begin to push out. 
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Conclusive proof of acropetal development of root hairs is demon- 
strated in certain cultural experiments carried out with cabbage 
roots (12). When roots growing in a solution that represses root- 
hair development are transferred to a solution that stimulates de- 
velopment, marked recovery, characterized by a sudden burst of 
long straight hairs, always results. The first cells to produce hairs 
in the zone of new growth are those that are still elongating when 
the roots are transferred to the favourable solution. Those cells 
which have completed elongation never push out hairs, and con- 
sequently the region above the zone of new growth remains un- 
changed. Thus there seems little doubt that once a certain stage 
in their development has been reached, epidern:al cells no longer 
have the capacity to form hairs. 

The only authentic record of new hairs developing among pre- 
existing hairs is that reported by Pinkerton (69) for the roots of 
certain members of the Commelinaceae. Here, however, the new 
hairs are most certainly of cortical origin, superseding the primary 
epidermal hairs, and their absorptive ability is doubtful. 

In general, root hairs are short lived, collapsing and withering 
away at the end of a few days or weeks. Following collapse of the 
hairs the walls of the epidermal cells, if not completely worn away, 
become suberized or lignified. However, certain exceptions have 
been recorded. In Gleditsia triacanthos (59) the hairs become very 
thick walled and may persist for several months. Persistent root 
hairs have been observed in certain species of the Compositae (98) 
and in a number of other plants (21). However, in these roots it 
seems unlikely that the persistent root hairs continue to absorb 
water for that length of time. 

Thus, according to the literature just reviewed, the condition of 
the epidermis is not the same for all roots. In some roots there is 
a very strong morphological differentiation between the hair-form- 
ing cells (trichoblasts) and other epidermal cells, in others a smaller 
difference, and in still others none at all. In all cases there is a 
definite relationship, however, between epidermal cell-length and 
root-hair production and also between cell-length and length of the 
full-grown hairs, the relationship being that the longest epidermal 
cells either are hairless or produce the shortest hairs, while the 
shortest epidermal cells produce the longest hairs. This relation- 
ship strongly suggests that each epidermal cell has a certain capacity 
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for growth which may be expressed in either a longitudinal or hori- 
zontal direction. In every case where it has been critically studied 
we find that the hair emerges at or near the apical end of the hair- 
forming cell. However, its position at maturity depends on 
whether the hair-forming cell has stopped growing longitudinally 
at the time the hair begins to push out. If it has, the extreme 
apical position of the hair will be maintained; if not, the papilla or 
hair will assume a more central position. It is now established that 
root hairs develop acropetally and that new hairs never originate 
among pre-existing hairs. 


CHEMICAL COMPOSITION OF ROOT-HAIR CELL WALLS 


Critical studies of root-hair cell walls, as related to the growth of 
those structures, had their beginning with the experiments of 
Stiehr in 1903 (91). He showed that stretching of the cell wall 
takes place more readily at the tip of the hair than along the sides, 
and that when bursting occurs, the rupture is invariably at this 
point. From these observations he has taken the view that the 
end wall of the hair is of softer materials. Experiments to test 
the validity of this view have repeatedly strengthened it, despite 
wide disagreement as to the exact difference between the hypotheti- 
cal soft area at the tip of the growing hair and the rest of the cell 
wall. There is considerable controversy in the earlier work as to 
the presence of cellulose. A number of non-cellulosic substances 
were identified whose presence in the root hair wall might account 
for greater plasticity during growth of the hair. 

Of the earlier workers, Ridgway (77) failed to obtain a positive 
test for cellulose but was the first to observe the occurrence of a 
non-cellulosic material called “callose” in the cell walls of certain 
root hairs. According to Miller (65), the chemical nature of 
callose is not known, but it differs from other cell wall materials in 
its solubility and staining reactions. Its presence in the root-hair 
cell wall would imply greater plasticity than if the wall were to 
consist of cellulose alone. Roberts (78), working with the root 
hairs of a number of common crop plants grown in moist air, seems 
to have been the first to note that the root-hair cell wall is con- 
tinuous with the walls of the hair-forming cell, and that it is made 
up of two parts, an inner layer of cellulose and an outer layer of 
calcium pectate. The cellulose layer, although thin, is uniform over 
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the hair, while the pectic layer appears somewhat thinner at the tip 
where it is sometimes associated with a special covering of callose. 
Howe (47), working with the root hairs of an even larger number 
of common plants, grown mainly in loam and sand, also found that 
the wall of the hair-forming cell consists of an inner layer of cellu- 
lose and an outer layer of pectic material. However, in her opinion 
the outer pectic layer of this wall is continuous over the hair, while 
the inner cellulose layer is not. In the hair itself the inner wall 
layer is of callose. To explain this difference in composition of the 
inner layer she suggests that as the epidermal cell bulges to form a 
hair, the cellulose inner lamella stretches, then breaks, and no more 
cellulose is formed. However, this unusual mechanical interpreta- 
tion has never been confirmed and is no longer tenable in the light 
of more recent investigations. We know now that cellulose is a 
constituent of the epidermal cell from an early stage in its develop- 
ment and that, when a hair pushes out, the cellulose layer extends 
outwards unbroken over the whole inner surface of the root-hair 
wall. 

Ziegenspek (103) identified cellulose along the side walls of the 
hair but not at the tip. Here he identified another cell wall material 
called “amyloid”. This substance is distinguished from cellulose in 
that it gives the blue colour test directly with iodine without further 
treatment with sulphuric acid. He considers the plastic amyloid to 
be a transitional product in the formation of cellulose, and he be- 
lieves its presence at the tip makes possible the growth of the hair. 
Since then some doubt has been cast on the specificity of the amyloid 
reaction. Meeuse (61, 62) believes that it is merely indicative of 
a low quantity of cellulose in the walls of young growing tissues, 
and cites evidence obtained by other investigators to the effect that 
cellulose is formed immediately by the protoplasm from glucose. 
The occurrence of amyloid in root hairs has never been confirmed 
(46, 58, 12), and a theory of root-hair growth has been elaborated 
independent of the amyloid stage (12). No further microchemical 
treatment of the problem appeared until Addoms (1) recorded her 
failure in 1927 to obtain a satisfactory test for either cellulose or 
pectic materials, thus showing that more critical study was needed. 

That some of the confusion arising out of the foregoing work was 
due in part to the use of diverse plant material and in part to failure 
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to distinguish between actively growing hairs and fully grown hairs, 
is no doubt true. However, that it was mainly due to unreliable 
methods of testing for cell wall materials is indicated by the almost 
complete agreement among recent workers, following the introduc- 
tion of new methods and improvements in microchemical techniques. 
Modern researches, if they have done nothing else, have served to 
bring our knowledge of the root hair into line with that of other 
growing cells of the parenchymatous type whose thin primary wall 
consists of cellulose and pectic materials. 

Hopmann (46) casts doubt on Zeigenspek’s theory of root-hair 
growth. He reports the absence of amyloid from root hairs de- 
veloped in water and the presence of cellulose over the whole inner 
surface under all condition. 

McCoy (58), in search of an explanation for the entry of nodule- 
forming bacteria into the root hairs of pea, lucerne, broadbeans and 
clover roots, has made a thorough study of the root-hair wall. 
Differential solubility and staining reactions leave no doubt as to the 
presence of cellulose in the root hair wall, even to the tips of both 
young and old hairs. However, due to the presence of a very re- 
sistant hemicellulose, especially at the tips, fresh tissue does not 
give the characteristic blue colour with chlor-zinc-iodine nor with 
other cellulose test reagents without previous treatment with dilute 
alkali or eau de javelle. This may explain the failure of some of 
the earlier workers to obtain a positive cellulose reaction. Calcium 
pectate occurs, though its behaviour with certain dissolving reagents 
suggests that it exists in association with cellulose and not as a 
distinct outer layer. Special attention was given to the point of 
entry of the nodule-forming bacteria. Invariably they attack a hair 
at the tip, and, since no chemical difference could be found at this 
point, a physical difference in the wall at the tip is suggested to 
account for this phenomenon. That there is some difference here 
is clearly shown by a simple experiment where the roots of lucerne 
and clover seedlings, grown on the surface of mineral-salts agar, 
are watered with sterile distilled water. Within a short time the 
root hairs begin to swell into queer club-shaped and bulbous forms, 
the tips being first affected. 

The results of a similar study by the present writer (12) with 
the roots of cabbage seedlings are in close agreement with those of 








594 THE BOTANICAL REVIEW 


McCoy and leave no doubt as to the presence of an inner layer of 
cellulose and an outer layer of calcium pectate. In this study, 
slight, but none the less important, differences are noticeable in the 
walls of young actively growing hairs and in those of mature fully- 
grown hairs. In the walls of the former a thin layer of cellulose, 
continuous with the wall of the epidermal cell, extends along the 
sides of the hair and over the tip. During growth the cellulose 
layer is soft and easily hydrolyzed by acid. The pectic layer along 
the sides of the growing hair is of firm calcium pectate. On the 
dcme-shaped tip, this layer is composed either of pectic acid or of 
a softer kind of calcium pectate. In either case the wall covering 
the tip is softer and more delicate than that along the sides. 

Proof of the more yielding nature of the tips of growing hairs is 
demonstrated when roots grown in a concentrated calcium salt solu- 
tion are transferred to distilled water on a slide. Under these con- 
ditions the hairs burst, and the bursting, as in the hairs with which 
Stiehr, Roberts and McCoy worked, takes place always at the tips. 
The results of microchemical tests, and evidence obtained from ex- 
periments with pectic acid in vitro, point to the conclusion that this 
increased plasticity at the tip is due to a difference in the pectic 
layer and not to any difference in the cellulose. Further evidence 
in support of this conclusion is supplied by the results of numerous 
cultural experiments. Where calcium is readily available, the 
softer more plastic area is confined to a narrow area at the tip, with 
the result that the growing hairs become long and straight and 
exceedingly narrow. On the other hand, where calcium is not 
readily available, the softer area becomes greatly extended with 
the result that the growing hairs become inflated, bulbous at the 
base and variously branched. Thus the normal hair is always such 
as can be explained on the basis of internal pressure on a wall that 
has been gradually and equally hardened, while the abnormalities 
are always such as can be explained on the basis of internal pressure 
on a wall that has been unequally hardened. 

In the mature full-grown hair the cellulose layer is thicker and 
less easily hydrolyzed by acid, and the whole surface of the hair 
including the tip is covered by a layer of calcium pectate of the 
firmer type. The possible presence of a pectocellulose complex 
such as protopectin (92, 5) in these hairs is suggested by the greater 
difficulty of dissolving out either cellulose or calcium pectate. 
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Certain cell wall differences were found to explain differences in 
behaviour between the hair-forming short cells and the hairless long 
cells of cabbage roots. Under ordinary conditions in the region 
where hairs are initiated, the pectic layer of the short cells consists 
of calcium pectate, while that of the long cell walls is of pectic acid. 
The long cells are found to be considerably more acid than the short 
cells at this stage. At a somewhat later stage they become less acid, 
and the pectic acid layer of their walls changes to calcium pectate. 
Experiments proved that calcium fails to unite with pectic acid in 
an acid medium, thus providing the clue to this behaviour. Under 
conditions where the change to calcium pectate is speeded up the 
long cells produce normal hairs. 

Root hairs with lignified cell walls have been reported in a num- 
ber of special cases (59, 43), while hairs with heavily cutinized 
walls have been observed among certain of the Commelinaceae 
(69). The latter, however, are of cortical origin, and it doubtful 
that they have the capacity of absorption. Further microchemical 
studies of these hairs would be interesting in the light of more 
recent work on the development of such structures. 

In summing up, the root-hair wall consists of cellulose and cal- 
cium pectate continuous with corresponding layers in the hair- 
forming cell. During g-owth the wall of the root-hair tip remains 
active and more yielding than that of the sides, and present evidence 
indicates that differences in plasticity are brought about by an in- 
creasing degree of calcification of the pectic layer from the tip of 
the hair to the base. Ina recent review Farr (37) emphasizes the 
importance of non-cellulosic materials in enlarging cell walls. 
Using root hairs as an example she draws the following conclusion: 
“Root hairs represent a special group of cells in which wall plasticity 
is of continued importance, and cellulose formation and deposition 
rarely take place”. While it is true that the physical properties of 
the root-hair wall are largely determined by the nature of the pectic 
materials, yet recent studies (46, 58, 12) show conclusively that 
cellulose is present in the root-hair wall at every stage of its devel- 
opment. Despite divergent opinions as to the way in which the 
wall of the hair at the tip differs from that of the rest of the hair, 
the apical growth of root hairs seems definitely established (101, 
102, 91, 83, 33, 76, 40). 
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FACTORS AFFECTING ROOT-HAIR DEVELOPMENT 


Moisture. The effect of moisture on root-hair development has 
been extensively but inconclusively studied by growing roots in soil 
and air with different percentages of moisture, and in water. Ac- 
cording to the evidence reviewed by Schwarz (82), the earliest 
workers reported a close relationship between moisture and root- 
hair production. In his own experiments with corn and wheat 
roots, Schwarz concludes that there is a minimum of moisture at 
which hair formation begins, an optimum in which the best develop- 
ment is obtained, and a maximum where the hair development 
nearly or entirely ceases. In his opinion, contact with soil particles 
is not a factor in the production of root hairs in soil. Support for 
this latter view (68, 97, 88, 13) as well as for the preceding one 
(90, 88) has been provided by the experimental results of a num- 
ber of succeeding botanists. 

It is a matter of general knowledge that roots of most plants pro- 
duce hairs much more abundantly in moist air than in water. This 
is particularly obvious in corn, whose roots have a woolly appear- 
ance in moist air but become perfectly smooth on transfer to water. 
Mer (63), working with the roots of corn and of a number of other 
common crop plants, concludes that water suppresses root-hair pro- 
duction by stimulating root elongation. Other workers (82, 88, 96, 
18) have attempted to explain decreased root-hair production in 
water on the basis of diminished oxygen supply. Their findings, 
though contradictory, suggest that more critical investigations along 
this line would yield interesting results. 

The number of plants whose roots produce root-hairs normally 
in tap water is not large. To Bardell’s list (3) of five common 
crop plants, namely, wheat, corn, squash, beans and peas, Farr (23) 
has added the names of approximately 80 more. However, Farr 
believes that many plants which have been reported as not pro- 
ducing root hairs in tap water will be found to do so when the 
proper adjustment is made of oxygen content, hydrogen ion con- 
centration, osmotic pressure and chemical composition of the solu- 
tion. Subsequent investigations by himself (24-33) and others 
(34, 12, 14) have supplied evidence to support this contention. 

Temperature. Little reference has been made to the influence 
of temperature as a single factor on root-hair production. Snow 
(88) found that wheat roots in water produce numerous hairs be- 
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tween 4.5° and 11.5° C., fewer between 16.0° and 29.5° C. and 
none at higher temperatures. She concludes that high temperature 
with sufficient moisture tends to decrease hair production by in- 
creasing elongation of the internal cells. Jeffs (48), working with 
roots of radish and white mustard seedlings growing in a moist 
chamber, concludes that the hairs of these plants are extremely 
sensitive to changes of temperature when grown within the limits 
of 17° to 27° C. In watching the elongation of individual hairs he 
finds that a change of 3° to 5° C. will cause permanent cessation 
of growth in the hairs already formed. 

Light. It would appear from the scanty data available (82, 88, 
3, 48) that in most cases light as a single factor has no effect on 
root-hair production, provided other factors remain constant. 

The roots of Elodea canadensis and those of a number of other 
water plants apparently provide an interesting exception. Elodea 
roots growing under normal conditions in water are hairless but 
develop hairs when they penetrate mud. As pointed out earlier, 
potential hair-producing cells (trichoblasts) occur in the epidermis 
of both water and soil roots. 

Numerous investigators have tried to explain the hairless con- 
dition of Elodea roots in water and their haired condition in the 
soil. Schwarz (82) could arrive at no satisfactory explanation but 
does not think that the production of hairs in the soil is due to con- 
tact, chemical stimulation or retardation of the growth of the root. 
Snow (88), at the end of considerable experimentation, concluded 
that retardation due to contact with the soil particles is the prin- 
cipal factor. No further experimentation was reported until 1936 
when Wilson (99) attempted to show that light is the controlling 
factor in the production of root hairs in Elodea roots. However, 
because of certain limitations in his light-proof apparatus, he is 
forced to conclude that the production of root hairs in Elodea is not 
affected by light but is bound up with some unknown stimulus 
which comes into play when the roots grow into the soil. A year 
later the present writer (13) published a paper on Elodea in which 
he reports that when light is completely excluded hairs are produced 
in water exactly as they are in the soil. Roots developed in water 
and in light are green and possess a cuticle, while those growing 
in darkness, whether in water or in soil, have neither of these pecu- 
liarities. When chlorophyll production is inhibited by means of 
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ethylene gas, a cuticle is not formed, and hairs are plentifully pro- 
duced in water even in light. The reviewer believes that the oxy- 
gen set free by photosynthesis in light is necessary for the forma- 
tion of a cuticle which would prevent root-hairs from pushing out. 
In a recent paper Borgstrom (7) objects to Cormack’s use of 
ethylene to “degreen” the water roots of Elodea growing in the 
light. According to Borgstrom, root-hair formation is an auxin 
response, and treatment with ethylene produces a transverse move- 
ment of auxins from the phloem to the epidermis. On the basis of 
this interpretation the break-down of chlorophyll in this case is 
considered by Borgstrém to be a simultaneous effect of the trans- 
verse hormone passage. 

Still more recently King (50) has confirmed Cormack’s observa- 
tions as to the production of root hairs on water roots of Elodea 
growing in continuous darkness, and their absence in light. In his 
experiments the inhibition of root-hair production in the light could 
be overcome by adding small quantities of growth-promoting sub- 
stances to the water. Only those compounds with the indole or 
naphthalene ring system and containing acid side chains are effec- 
tive, and only the trichoblasts respond by forming hairs. He seems 
to favour BorgstrOm’s auxin theory of root-hair development and 
attributes the inhibition of root-hair formation in light to auxin 
utilization. 

Whether root-hair development in Elodea is an auxin response 
or not must be left for further investigation to decide. At present 
it is not clear how the auxins influence the formation of a cuticle, 
and the exponents of the auxin theory of root-hair development 
have yet to explain why a trichoblast supposedly under the influ- 
ence of auxins should form a hair, and an adjacent non-trichoblastic 
cell fail to do so. 

Calcium. A great variety of chemical substances in solution have 
been applied to root hairs but few have yielded more interesting 
and instructive results than those which contain calcium. That 
calcium plays an important role in the normal development of all 
green plants is evidenced by the extensive literature that has accu- 
mulated in this regard. A general discussion of the importance of 
calcium does not lie within the scope of the present paper, and the 
reader is referred to a number of excellent reviews that have been 
written on this subject (75, 95, 2, 26). 
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Numerous workers (e.g., 41, 42, 51, 57, 89) find that calcium 
is essential for root-hair production. Of these, two (41, 42, 51) 
have demonstrated most conclusively that root-hairs will not appear 
at all unless they receive a supply of calcium from outside the root. 
Mevius (64), on the contrary, has decided that in corn roots the 
presence or absence of root hairs is not associated with the presence 
or absence of calcium in the solution. It is now known (12), how- 
ever, that corn roots are extremely sensitive to changes in pH, and, 
when this is properly adjusted, root hairs are densely developed in 
calcium solutions. The roots of bog plants show certain peculiarities 
in the development of root hairs which are found to be associated 
with their environment. Pearsall and Wray (67), working with 
the bog plant Eriophorum angustifolium, have shown that the root 
hairs of this plant tend to be longer and more abundant in solutions 
of low calcium content and high basic ratio. 

Farr (23-33) and Farr (34-36) conclude at the end of a long 
series of experiments with the roots of Georgia collards that root 
hairs will not grow at all unless calcium is present in the surround- 
ing solution and that it is used directly from this source for cell wall 
formation. In this connection the hydrogen ion concentration is 
shown to be an important factor. Acid solutions are found to have 
an inhibitory effect on root-hair growth which can, however, be 
overcome within limits by increasing the amount of calcium (28, 
29, 32). In strongly alkaline solutions root hairs are poorly devel- 
oped and the cortex is often ruptured. Since the literature on root- 
hair elongation has been fully covered by Farr (25, 33), attention 
may be called here only to new approaches to the problem in con- 
nection with developmental investigations. 

The present writer (12) investigated the effect of the external 
factors, namely calcium ar - > pH of the solution on root-hair 
development. Microchem.cal tests revealed that calcium combines 
with pectic acid in the hardening of the elongating epidermal cell 
walls. Experiments with pure pectic acid in vitro show that this 
change does not take place in an acid medium and that in neutral- 
izing the pectic acid there may be weak or strongly calcified pectates. 
These observations led to the conclusion that the amount of calcium 
and pH of the solutiou modify the rate at which calcification takes 
place. 

In the roots of a number of the species investigated, namely, cab- 
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bage, white mustard, radish and Georgia collards, the epidermis is 
differentiated into rows of short and long cells (12). The long 
cells are found to be considerably more acid than the short cells in 
the hair-forming region of the root. Under most conditions the 
short cells are able to affect calcification of their ceil walls at an early 
stage and thus form hairs. Through the gradual hardening of the 
cell walls vertical elongation is arrested, and, due to increasing pres- 
sure from within, the wall is pushed out at its softest point, in- 
variably at or near the apical end of the cell. The long cells be- 
cause of their acidity are not able to affect the change to calcium 
pectate at this time and thus remain hairless. Under conditions 
that facilitate more rapid calcification (excess calcium and a slightly 
alkaline medium), the long cells with their acidity neutralized also 
form hairs. Under conditions that bring about very rapid calcifi- 
cation (excess calcium and a strongly alkaline medium), the walls 
harden so rapidly that no hairs are produced, the epidermal cells 
become separated and their walls broken by the expanding con- 
tents. Under conditions that retard calcification (insufficiency of 
calcium and a slightly, acid medium), the cells retain the pectic 
acid layer indefinitely and become greatly elongated, misshapen and 
swollen. Root hairs are abnormally branched and swollen or in 
extreme cases are absent. When roots growing under the latter 
set of conditions are transferred to a slightly alkaline calcium solu- 
tion the importance of calcium for the hardening of the epidermal 
cell walls is clearly demonstrated. Immediate recovery, character- 
ized by an obvious increase in the diameter of the root and by a 
sudden burst of long, straight, narrow hairs, always results. New 
hairs develop only in the region of new growth, and thus the de- 
formed or hairless region above remains unchanged. 

In the roots of other plants investigated (12, 14, 15), corn, 
tomato, endive and Sporobolus, the epidermis is not differentiated 
into long and short cells. All the cells are of one kind, and, al- 
though they are all long, they vary in length in the same region 
under the same conditions. Roots of this type are extremely 
sensitive to changes in pH, and in general they either are hairless 
or produce hairs sparsely in an aqueous medium. For example, 
corn roots which are densely haired in moist air become perfectly 
smooth on transfer to water or to neutral solutions of a calcium 
salt. When the solution is made decidedly alkaline, normal root- 
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hair production results. Through this treatment the acidity of the 
epidermal cells, due doubtless to anaerobic respiration, is neutral- 
ized and the calcium ions thus made available to unite with pectic 
acid. Tomato roots also produce hairs sparsely in aqueous solu- 
tions. In this instance it is only under limited conditions, close to 
the neutrality point, where calcification takes place progressively 
but rapidly, that a dense production of hairs results. As mentioned 
already, in this root the response to changes in the environment is 
marked by a definite relationship between epidermal cell-length and 
length of the full-grown hair. The longest cells are either hairless 
or produce merely papillae, while the shortest cells produce the 
longest hairs. 

The external factors not only determine the capacity of epidermal 
cells to produce root hairs but determine also the shape and length 
of the hairs themselves. In regard to the latter a number of work- 
ers have investigated abnormalities of root-hair growth under more 
or less abnormal conditions. 

Stiehr (91) and others (101, 102, 76) obtained various types of 
abnormal growth under abnormal conditions. Hill (45) found 
branched and swollen hairs to be normal in the roots of certain 
marsh plants. Jeffs (48) observed the swelling of root hairs in 
response to changes in temperature. Farr, in his study of root- 
hair elongation, investigated this aspect of the problem in some 
detail. He (30, 32, 33) found that in Georgia collards variously 
deformed hairs are developed in dilute solutions, in solutions near 
the acid and alkaline limit for the growth of root hairs and when 
roots are transferred to solutions after growth in air has begun. 
Changes in root-hair morphology produced under these conditions 
are related to changes in the extent of the growing area at the tip 
of the hair and to changes in the direction of growth. More re- 
cently the present writer (12) obtained a great variety of branched, 
swollen and stunted hairs by growing cabbage roots in solutions 
deficient in calcium, and in solutions designed to render unavailable 
the calcium contained in the root itself. The abnormalities pro- 
duced under these conditions strongly suggest the action of internal 
pressure on a wall that has been unequally or insufficiently hard- 
ened. The marked cessation of deformed hairs and the sudden 
development of long straight ones which always results on transfer 
of affected roots to calcium solutions substantiate this viewpoint. 
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Debraux (18) does not agree and asserts that such abnormalities 
are not due to the absence of calcium but are probably due to the 
presence of toxic substances secreted by the root itself. This criti- 
cism does not consider the possibility of the tox'c substances render- 
ing the calcium ions unavailable to the growing hairs. Neither does 
it take into account the marked cessation of deformities that occurs 
when the deformed roots are transferred to a calcium solution. 
Her own results, obtained from a study of radish roots grown in 
a variety of aqueous solutions, are rather difficult to interpret. She 
apparently associates deformity of the hairs with the presence of 
sugar or a salt in the aqueous medium. However, in considering 
the high concentrations used, it would appear that in this case the 
abnormalities are due rather to the high concentration of the 
medium which, as others (82, 101, 102, 91, 88, 33, 80) have shown, 
has a retardative effect upon root-hair elongation. 

Growth Hormones. From the recognized fact that growth-pro- 
moting substances influence cell elongation (20, 44, 10), it is not 
surprising that such compounds should be applied to root hairs. A 
number of workers (60, 66, 93) have treated root hairs with growth 
hormones, but as yet there have been very few investigations of a 
developmental nature. 

A noteworthy step in this direction has been made by Borgstrom 
(6). He grew roots of Allium fistulosum and those of a number 
of other common garden plants on agar containing small amounts 
of indole acetic acid under sterile conditions in test tubes. After a 
number of weeks the roots became decidedly swollen and entirely 
covered with hairs. Root hairs caused by artificial supply of 
growth hormones appeared along the entire root to the very tip. 
Root-hair development appears to be related to an auxin optimum, 
and the ranges within which hairs appear vary for each species. 
The optimum for roots of Allium fistulosum is 0.1 ppm. Higher 
concentrations almost entirely suppress root hairs. These obser- 
vations are held by Borgstrom to support his assumption that nor- 
mal root-hair production in nature is an auxin response and that 
the increased root-hair development induced by ethylene treatment 
is caused by growth hormones which are transported transversely 
from the phloem to the epidermis. Certain experiments regarding 
the use of ethylene to stimulate root-hair production in Elodea roots 
already have been referred to (13, 50). 














ROOT HAIRS IN ANGIOSPERMS 603 


Further studies on the influence of growth substances on root- 
hair development are needed. In the writer’s opinion such work 
should be directed to the determination of the relationship between 
auxin-action and calcification of the epidermal cell walls and the 
investigation of morphological changes to the movement of food 
materials to the surface cells. 

Internal Factors. With the exception of a number of references 
to the position of the nucleus (39, 100, 33) and to certain inherent 
qualities of the protoplasm (86, 4), very little consideration has 
been given to the influence of internal factors on the development 
of root hairs. 

A beginning in this direction has been made by the present writer 
in an effort to discover the cause of differentiation of the epidermis 
of white mustard roots into long and short cells (16). As already 
mentioned, the long cells vacuolate early and do not ordinarily pro- 
duce root hairs, while the short cells vacuolate much later and to 
a lesser extent and usually produce hairs. A study of transverse 
sections through the meristem of these roots reveals that each short 
cell is situated in direct line with a row of intercellular spaces within 
the cortex, while the long cells are not associated with intercellular 
spaces at any time of their development. On the basis of these ob- 
servations and of data from Priestley’s work (70, 71) on the nutri- 
tion of meristematic cells, these radiating rows of intercellular 
spaces are believed by the writer to facilitate the more rapid move- 
ment of soluble materials from differentiating vascular strands to 
the short cells. This hypothesis gives a reasonable explanation of 
this ability of the short epidermal cells to remain richly protoplasmic 
long after the long epidermal cells have become highly vacuolated. 
It is noteworthy that in roots of tomato and corn, where radiating 
rows of spaces either do not exist or do not extend completely 
through the cortex, all the epidermal cells are alike and all begin 
to vacuolate at a point much closer to the root apex than do the 
short epidermal cells of white mustard roots. A later note (17) 
reports the presence of a substance in these intercellular spaces 
capable of reducing alkaline silver. 

Although the roots of most plants develop root hairs more abun- 
dantly under certain conditions than under others, avocado roots 
constitute an interesting exception. According to Burgis and 
Wolfe (9), the roots of this plant are hairless in humid air, sand, 
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peatmoss, sand-peat mixture, water and nutrient solutions. A 
brown coloured periderm which develops two millimetres behind 
the white root tip is assumed to be responsible for the hairless con- 
ditions of avocado roots. Another interesting observation has been 
recorded recently by LaRue (55). According to him, very young 
hypocotyls of tomato, radish and cabbage seedlings, when deprived 
of their roots, produce outgrowths identical with root hairs. These 
hairs bear no resemblance to ordinary hairs of stems and leaves, 
and in no instance are they observed on normal unwounded 
seedlings. 

From the data reported above it is evident that the production of 
root hairs is greatly affected by external conditions. Root hairs 
are produced within a wide range of temperatures, and, with the 
exception of the roots of a number of water plants, light has iittle 
or no effect. In general, root hairs are more densely developed 
in moist air than in water, although production may be increased 
in the latter by adjusting the oxygen content, hydrogen ion concen- 
tration and chemical composition of the solution. For the normal 
production of root hairs in aqueous solutions the importance of 
calcium and a suitable pH is indisputable. Calcium is essential for 
the hardening of the outer layer of the growing cell walls, and the 
pH regulates the rate at which this hardening process takes place. 
Recent studies with growth-promoting substances (auxins) give 
promise of interesting results. At present, available data on the 
precise action of auxins are so meagre that positive conclusions are 
difficult to draw. 


THE MECHANISM OF ROOT-HAIR DEVELOPMENT 


Two general theories have been advanced as to the mechanism of 
root-hair development. One, suggested by Snow (88), postulates 
that when vertical elongation of the epidermal cell is checked either 
by cessation of growth on the part of the inner cells or by external 
mechanical means, the cell extends horizontally to form a hair. 
Jeff’s data (48) strongly support this theory. The second, ad- 
vanced by Roberts (78) and already discussed in some detail, sug- 
gests that root hairs are evaginations produced by internal pressure 
on weaker portions of an unequally hardened cell wall. This idea 
was formulated at a time when there was considerable disagree- 
ment as to the exact difference between the hypothetical soft area 
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and the rest of the cell wall. While different ideas have been ad- 
vanced on this point, it is now fairly well established that the wall 
is more plastic at the apical end of an epidermal cell where a hair 
begins to push out. It is evident that these two theories are not 
fundamentally contradictory. In fact, the hardening or decrease 
in plasticity of the elongating epidermal cell walls may be the cause 
of the retardation of vertical elongation, and the increase in internal 
pressure which results may be the cause of the original swelling of 
the external wall. This last-mentioned point is the present writer’s 
contribution to the discussion. Evidence has been obtained by him 
showing that the hardening process is associated with the incorpora- 
tion of calcium into the outer wall layer of the epidermal cells and 
that the capacity to form hairs is dependent upon the rate at which 
calcification takes place. If calcification takes place gradually, and 
at the same time the cell contents begin to vacuolate, then the more 
plastic apical end of the epidermal cell will grow out sideways to 
form a hair; if calcification occurs too slowly, the cell will continue 
to elongate longitudinally and thus no hair will develop, calcification 
taking place after the cell has become completely vacuolated ; and if 
it occurs rapidly before the cell contents have begun to vacuolate, 
no hair will form; or if rapidly at the same time that the cell con- 
tents are actively vacuolating, then the outside wall will break. 

In the light of the above mentioned work the necessity of a 
thorough knowledge of the development of the epidermal cells as a 
basis for interpretation of root-hair formation becomes evident, as 
also the necessity of an acceptable explanation of the intercellular 
relationships of growing cells. While details of this work will not 
be dealt with here, I should like to mention briefly the opinions con- 
cerning certain aspects which can be considered pertinent to the 
problem in hand. 

Priestley and a number of his students (70-74) have made a 
special study of changes in intercellular relationships in apical 
meristems. According to his investigations, intercellular readjust- 
ments are brought about by a gradual mutual adjustment of all cell 
walls “as a common framework” and not by the movement or slid- 
ing of one cell past another as contended by Krabbe (52). To this 
manner of intercellular adjustment he has proposed the term “sym- 
plastic growth”. Sinnott and Bloch (87) have made a thorough 
study of growing epidermal cells in grass root tips. By watching 
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the growth of small groups of surface cells they too conclude that 
the elongating cells do not slide along one another, but are held so 
firmly together that poiats in adjacent cell walls which are originally 
opposite each other are still opposite after these cells have greatly 
elongated. Moreover, they have shown that in individual cells the 
end of the cell toward the base of the root attains its final size sooner 
than the apical end of the same cell. Thus, according to these 
writers, changes in intercellular relationships are brought about by 
unequal growth of various portions of the cell wall in the same cell, 
and are referred to by them as “differential wall growth”. In gen- 
eral, this theory closely resembles the “symplastic” concept of 
Priestley in that both conceive of intercellular adjustments as occur- 
ring within the common framework of cell walls, and do not involve 
sliding. Brumfield (8) has confirmed Sinnott and Bloch’s obser- 
vations in a similar study of grass root tips. By watching the 
growth of individual cells he observed that the basal end of an 
epidermal cell stops growing first, the middle part next and the 
apical end last, the cessation of growth passing along the cell from 
base to apex. In the meantime Meeuse (62), on the basis of an 
extensive investigation involving a wide variety of plant material, 
had concluded that changes in intracellular relationships are prin- 
cipally brought about by “symplastic” readjustments of the cells as 
as a whole, associated with cell expansion. A study of intercellular 
relationships has been carried out by the present writer (15) using 
the favourable material provided by the epidermis of tomato root 
tips. Careful measurements have shown that the cells are still 
growing in the region where the papillae first make their appear- 
ance and that the apical end of an individual cell continues to grow 
after the basal end has stopped. Moreover, it was shown that those 
parts of adjacent cells opposite the slowly growing basal portion of 
an individual cell do not grow so fast as those parts opposite the 
faster growing apical end of the same cell. The fact that different 
portions of an epidermal cell grow at different rates, i.¢., have dif- 
ferential cell wall growth, is believed by the writer to explain the 
greater plasticity of the cell wall at the apical end where a hair 
begins to push out and to account for the more yielding nature of 
the tip of the hair, once that structure is formed. Some ev‘dence 
has been brought forward to show that although individual cells 
grow differentially, all the surface cells in the same region grow 
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together and at a uniform rate (12, 14,15). For instance, in roots 
with alternating zones of longer and shorter cells, all the cells in 
each zone are noticeably longer or shorter than those in the: zone 
either directly above or below. Also in roots where zones of longer 
and shorter cells are produced experimentally by suddenly chang- 
ing the environmental conditions, all the cells at the same level react 
at the same time to the new conditions. 

Borgstroém (6, 7) suggests a third theory in this field. He con- 
siders that root hairs develop as soon as a certain amount of auxins 
reaches the external wall. Thus conditions which favour an in- 
creased transverse movement of auxins will stimulate root-hair 
formation. According to Borgstrom, his theory is not at variance 
with the two older theories of Snow and Roberts but represents an 
attempt to explain them on a hormone basis. In his opinion the 
transverse hormone stream causes a lateral growth which not only 
accounts for the simultaneous decrease in vertical elongation but 
also accounts for the external cell wall acquiring a softer consist- 
ency, s’nce it is the endpoint of the transverse hormone stream. 
Confirmation or refutation of Borgstrém’s theory must await the 
accumulation of information concerning the precise action of 
growth hormones on expanding cell walls. Some evidence of this 
kind has accumulated already (20, 10, 79, 11, 22), but it should be 
emphasized that the task is only begun. Whatever modifications 
have to be applied to Borgstrém’s interpretation, the idea is a stimu- 
lating one and suggests the probable trend of future studies in this 
neld. 

In summing up, there is general agreement that root hairs result 
from retardation in vertical elongation of the epidermal cells. Al- 
though there is some difference of opinion as to how this occurs, 
the evidence in favour of a change in the physical and chemical 
composition of the elongating cell walls seems most convincing. 
There is general agreement that changes in intercellular relation- 
ships in the root epidermal result not from “sliding growth” but 
from differing rates of growth in different parts of the cell wall of 
individual cells and with all cell walls operating as one “common 
framework”. If we accept the evidence that epidermal cells grow 
differentially, then an epidermal cell may be regarded as an ordi- 
nary parenchyma cell that has the capacity of changing its direction 
of growth. Whether it does so and grows into a hair, or whether 








608 THE BOTANICAL REVIEW 


it continues to elongate vertically and is hairless, will depend upon 
the conditions which prevail while the cells are actively vacuolating. 


CONCLUSION 


The study of root hairs and the superficial cells from which they 
arise has attracted many workers, partly no doubt because of their 
absorptive function and partly because their superficial position and 
relatively simple structure make them convenient for the study of 
cell enlargement. The object of the present paper has been to 
review the literature in this field from the developmental standpoint. 
To this end, most of the older data concerning root-hair develop- 
ment have been re-examined, and the observations of the earlier 
workers re-interpreted in the light of the results of more recent 
studies. Recent investigations have led almost invariably towards 
a greater exploration of both epidermal and root-hair cell walls. 
The series of papers which have appeared dealing with the micro- 
chemistry of the epidermal cell walls have cleared up many trouble- 
some points. Even though our knowledge of the chemical com- 
position of the cell wall and the way in which the cell wall grows 
is far from complete, it is certain that the present emphasis on this 
aspect of the problem is a sound and fundamental approach. The 
facts and principles here set forth have been formulated from ob- 
servations made of developing superficial cells. How far they are 
applicable to other developing cells of the thin-walled parenchy- 
matous type remains to be seen. 
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CONTROL OF POLLINATION IN SUGAR-BEET 


ALEXANDER ARCHIMOWITSCH 
Formerly, Professor, Departments of Plant Culture, Agricultural Institutes, 
Bela Cerkov, Kiev, and Shitomir, USSR 

Beginning in 1923 the writer has given attention to the biological 
processes concerned in the flowering and in the control of pollina- 
tion in sugar-beet. Correct solutions of the problems involved 
have important bearing on sugar-beet genetics and will have in- 
fluence on practical methods of selection and seed-breeding. If 
the essential processes that go on during the flowering and pollina- 
tion of sugar-beet were known, possibility would be afforded to 
control the processes and to direct them. We could then either 
limit undesired hybridization to a large extent and hold pollination 
within a certain selected group or even among flowers of one plant 
(inbreeding), or, on the other hand, obtain other less restricted 
types of hybridization. The results of scientific investigations over 
a number of years on this subject are herewith summarized. 


BIOLOGY OF SUGAR-BEET FLOWERING 


The observations of early workers on flowering and pollination 
processes in sugar-beet were carried out without application of 
plant embryological methods, and these observations, therefore, 
gave only approximate and, as we shall see later, partly erroneous 
ideas about the phenomena. The chief defect arose in flowering of 
sugar-beet being considered for some time as protandrous (13, 15, 
20, 40, 43, 47). Application of methods of plant embryology 
established the fallacy of this statement and proved that sugar-beet 
does not manifest protandry (10, 11, 17, 27, 30, 35, 36, 37). The 
flowering of sugar-beet lasts one month or even longer. Alterna- 
tion in the opening of flowers on a plant and the opening and 
closing of individual flowers were described by Fruwirth (20) and 
later were investigated by the writer (1-4). It appears that the 
shoots on which flowers open earliest have better developed glom- 
erules. The central flowers of an inflorescence open earlier and 
produce seeds that yield plants with superior roots. In their turn, 
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better developed glomerules and roots give larger shoots and later 
stronger plants (9, 14, 38, 50, 51). ‘ 

The agencies of pollen transfer are insects and wind. It is 
generally acknowledged that wind is of first importance. In order 
to learn the distance of spread of pollen in a horizontal direction, 
different investigators have utilized small glass plates covered with 
vaseline or glycerine which were set up at various distances from a 
beet plantation in flower (18, 42). Under direction of the writer, 
German, an instructor of the Agricultural Institute in Shitomir, 
for three years studied the horizontal spread of sugar-beet pollen. 
It appeared from his results that the pollen can be distributed at 
least 4,500 meters by wind. 

In 1938 German (22) studied, with the help of airplanes, the 
spread of pollen in a vertical direction. It was found that pollen 
was present in the air at a height of 2,200 meters. The larger 
part was found up to a height of 750 meters. Higher than that, the 
quantity of grains in the air sharply diminished. In 1938 Meier 
and Artschwager (32) observed a still greater height of pollen 
carriage (5,000 meters). It is quite comprehensible that pollen 
grains, after having been lifted so high with the help of a vertical 
warm air stream, may spread very far in a horizontal direction. 

The structure of the sugar-beet flower indicates that the im- 
portance of insects as agents of pollen dispersal is not to be over- 
looked. Some characteristics of sugar-beet flower structure that 
may seem to contribute to this phase are the clustering of the small 
flowers into groups, conspicuous flower stalks that can be seen 
from afar, secretion of nectar, the strong characteristic odor and the 
fact that the flower produces much nutritious pollen for the insects. 

Furthermore, the structure of the beet flower is simple, and pol- 
lination is not restricted to particular insect types. Many kinds of 
insect visit sugar-beet flowers. Some occur in great numbers and 
are of predominant importance as agents of pollen transfer. In 
1913 Uzel (45) and Shaw in 1914 (41) made observations on the 
insects which pollinate sugar-beet flowers. The writer also has 
given attention to the matter (1,4). Asa result of his investiga- 
tions it can be said that in the Ukraine the insects that pollinate 
sugar beet flowers can be divided into groups as follows: 

a) Insects that visit flowers only for the nectar that is secreted 
by the gland ring of the flower; for instance, the wasplike fly 
Melithreptus scriptus L.; 
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b) Insects which eat pollen, chiefly beetles of the genera Zona- 
bris, Leptura and Cerocoma; 

c) Insects which visit the flowers for nectar as well as for pollen, 
such as the common honey bee (Apis mellifica L.) and wild bees 
of the genera Andrena and Halictus. Honey bees apparently visit 
the flowering beet fields with some unwillingness. However, in 
years when they cannot find much nectar and pollen from other 
flowers they appear over the flowering sugar-beet plantations in 
large numbers. Such activity of honey bees was observed by 
Vasilie in the Ukraine in 1912 and by the writer at Belaya Zerkov, 
U.S.S.R., in 1925. 

d) Insects that suck the sap from flower parts and from the green 
branches and leaves of the flower shoots. These are thrips; plant- 
lice, especially Aphis fabae Scop. (papaveris Fabr.) ; and a number 
of other insects (Mesocerus, Palomena, etc.) 

e) Insects which are attracted to sugar-beet plants by plant lice. 
These are lady-bird beetles and their larvae (Coccinella septem- 
punctata) and other species of this genus. Ants also visit the 
aphid colonies. Lady-bird beetles and their larvae are predaceous 
insects. As they hunt for plant-lice at the same time they serve 
as spreaders of pollen. The ants feed on the sweet secretion of 
plant-lice and incidental thereto may transfer pollen. In his earlier 
publications (1, 4) the writer has given a more detailed list of 
insects which pollinate sugar-beet flowers. 

All of the three theoretically possible types of pollination, namely, 
autogamy, geitenogamy and xenogamy, may take place with sugar- 
beet. Autogamy occurs quite automatically, since when the flowers 
open, the pollen-sacs burst and the clumps of pollen grains are dis- 
charged on the inner parts of the flower. They therefore reach the 
stigmas of the pistil prior to any other pollen. Though the stigmas 
are not quite open there is a fissure between them, and the pollen 
grains may fall there and germinate. Harechko-Savitzky (27) 
observed that even 15 minutes after the opening of a flower, 13% 
of the pollen grains which have reached the stigmas are in a state 
of germination. In five hours the majority of pollen grains (94%) 
showed pollen tubes. Soon after the opening of flowers, the clumps 
of pollen grains dry, crumble into separate grains and are then dis- - 
tributed by wind or insects. Asa result of this process there occurs 
either transport of pollen from one flower to another on the same 
plant (geitenogamy or self pollination) or transport of pollen from 
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one plant to another one (xenogamy or cross pollination). But 
as a result of the self-sterility that prevails in sugar-beet, the fer- 
tilization that occurs is chiefly by xenogamy. The reason for this 
in sugar-beet, as well as in other auto-sterile plants, is that pollen 
tube growth on stigmas of the same plants is very weak. Fertiliza- 
tion by xenogamy, usually in the first 24 hours after the opening of 
a flower, is therefore accomplished by the faster growing pollen 
from some other plant. The experiments of Harechko-Savitzky 
in 1930 (27) place the time limits as 19-24 hours, but according 
to Oksijuk (37) fertilization may sometimes occur within 34 hours 
after opening of the flower. Harechko-Savitsky (29) succeeded 
in hastening the growth of pollen tubes by changing temperature 
exposures. Ordinary varieties of sugar-beet are practically auto- 
sterile, but sometimes we find races among them that are highly 
auto-fertile. Hjalmar-Nilsson (34) first pointed out the existence 
of such races in 1922-1923, and later the writer found a great 
quantity of such races in the sugar-beets used in breeding work in 
the Ukraine. Especially noteworthy are the races noted by plant- 
breeder Grinko (23, 24) at the Ivanivska plant-breeding station 
(Kharkov district). The writer also succeeded in cultivating some 
auto-sterile races of sugar-beet. Studying the speed of growth in 
pollen tubes, Zajkovskaja (49) proved that the rate during self- 
pollination of auto-fertile races is much higher than that in auto- 
sterile races ; in some races it approaches that in xenogamous polli- 
nation. As for heredity of auto-fertility, the writer (5) stated that 
self-fertility is the prevailing condition. Later work by Grinko 
(25) confirmed this statement. 


CONTROL OF POLLINATION IN SUGAR-BEET 


The methods of controlling pollination in sugar-beet can be classi- 
fied on the basis of the isolation techniques employed or the type of 
manipulation given to the plant material. 


Isolation Techniques 


a) Isolation of separate plants or their parts for the purpose of 
obtaining seeds by self-pollination. 
' 6) Isolation of pairs of plants for the purpose of restricting the 
crossing to two individuals, for example, closely related plants. 
c) Isolation of little groups of plants for the purpose of increasing 
selected material. 
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d) Isolation of large groups of plants for the purpose of breeding 
varieties. 


Manipulation of Plant Material 


a) Hybridization under isolators with preliminary castration of 
flowers, followed by application of pollen from the chosen male 
parent. 

b) Hybridization under isolators without anther removal or arti- 
ficial pollination. 


c) Hybridization by growing selected sorts together in a seed 
plot. 


Isolation Techniques 


a) Isolation of separate plants or their parts for the purpose of 
obtaining seeds by self-pollination. 

Sugar-beets can be isolated from one another by distance or 
otherwise. Experiments on space isolation have been carried out 
by a great many investigators (12, 16, 20, 31), but in the light of 
the foregoing experiments on spread of pollen in the air, we cannot 
consider the results of these experiments as entirely trustworthy. 
It is clear that in large scale work, when a great number of plants 
must be isolated, the method of space isolation can hardly be utilized. 
Quite naturally, therefore, many investigators have paid attention 
to devising other methods (19, 33, 44, 46). 

My own experiments in this direction began with trials and com- 
parisons of different isolators as used by other investigators (2). 
It came out that the best of all these devices was one developed by 
Munerati (33) because it involves using both an isolation fabric 
and glass, a combination that greatly reduces etiolation of the en- 
closed plants. I have further improved this method by placing the 
glass not on the cover of the chamber but on the sidewall turned to 
the north. Thanks to this the plants were not overheated. Ac- 
cording to suggestions by Prof. V. Savitsky, the isolators were 
made quite light and portable and so could be held up by a wire. 
We met with considerable difficulty in choosing the most suitable 
fabrics, for we did not have expensive cambric with 40 threads per 
centimeter at our disposal, but had to use cheap cotton (byas) with 
only 22 threads. The cotton threads, however, were rough and 
nappy and therefore the spaces between them were almost filled. 
Thanks to this, the average distance between naps was about 11.4 » 
(with some deviations). The diameter of pollen grains varies usually 
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from 15.9 to 22.5 », according to my observations (1) ; according 
to the observations of Oksijuk (35), from 15 to 23.4 »; but ac- 
cording to the statements of Harechko-Savitsky (27), from 6 to 
30 ». It is quite clear, therefore, that the pollen of sugar-beet may 
be forced into the isolator by wind, and there arose, consequently, 
the necessity of studying the effectiveness of these isolators made 
from the cheap cotton cloth in keeping out pollen. Toward this 
end I had for some years been carrying on different experiments 
following a plan in which sugar-beet and red-garden beet planta- 
tions were arranged in checker board pattern. Each plant of sugar 
and of red-garden beet was enclosed separately in an isolator. 
Seeds were gathered separately from the sugar-beet plants of each 
planting. The seeds were sown, and the percentage of red-garden 
beet hybrids in the progeny was determined. The average quantity 
of hybrids in three years was, respectively, 15%, 0.4% and 1.3%. 
The true percentages were probably twice as great as these figures 
because our method afforded no way of distinguishing hybrids 
among sugar-beet plants but uncovered only hybrids between sugar 
and red-garden beets. But even taking this into consideration the 
results of our experiments are quite satisfactory for practical selec- 
tional work. During the isolation of separate plants with such a 
method I got in some cases by the isolation of self-fertile plants 
nearly 57 gr. or 4885 glomerules from one root. 

For carrying out inbreeding on a large scale, isolation of whole 
plants is rather expensive and inconvenient. Hjalmar-Nilsson 
(34) isolated separate branches with the help of isolators made of 
parchment-paper. At first this method was considered free from 
criticism because parchment-paper is quite impenetrable by pollen, 
but examination of the method by Fruwirth (21) proved that the 
majority of plants in the progenies traceable to such isolations were 
hybrids. Experiments carried out by the author confirmed this 
(3). Meanwhile the parchment-paper isolators were set on tens 
of thousands of plants. It was therefore necessary to find a method 
of destroying the pollen which had penetrated from neighbor plants 
onto one to be isolated. The writer proposed for this purpose to 
wet the branches of the plants prior to putting on the bags. In that 
case foreign pollen grains were caused to rupture, and their capacity 
to germinate was thereby destroyed. By application of this pre- 
cautionary measure, the percentage of hybrids in progenies was 
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greatly diminished. If self-fertile plants were isolated, hybrids 
were not to be found at all (5, 7). The number of glomerules 
under one parchment paper isolator reached in some cases as high 
as 590. 

b) Artificial isolation of two plants of common origin (sibs). 

This method was proposed by Munerati (33). The advantage 
of it lies in the fact that it permits the breeder to carry out the in- 
breeding work not only with auto-fertile plants but also with auto- 
sterile ones. Our experiments showed that here the danger of un- 
desirable crossings was less than by isolation of separate plants 
because the majority of glomerules formed was the result of the 
hybridization as directed. By utilization of the Munerati type 
isolators as improved by the writer, the percentage of undesirable 
hybrids in one experiment was approximately 0.47. Under such 
isolators, by isolation of sib pairs we got much higher seed yields 
than by isolation of separate plants. 

c) Isolation of plants in small groups for the purpose of in- 
creasing the selected material. 

In the literature concerning the breeding of sugar-beets un- 
equivocal statements cannot be found regarding the distance that 
may be sufficient for space isolation in small groups of plants. 
On this question there are some data by Vilmorin (46) who 
thought that one kilometer cannot guard against undesirable 
crossings, and by Sundelin (42) who considered that the distance 
of 100-125 meters was, for practical purposes, quite sufficient for 
isolation of small group plantings. 

In order to find the necessary distance that should be maintained 
between small groups of sugar-beet plants, the writer conducted 
experiments over a three-year period. In the middle of the field oc- 
cupied with other crop plants there were planted from 300 to 600 
red garden beet (Egyptian) roots. Along radii in eight directions 
(N, NE, E, SE, S, SW, W, NW) and at different distances from 
the center, small groups of sugar-beets were planted. A study of 
progenies from the various plantings permitted determination of 
the percentage of sugar x red garden beet hybrids for each location. 
As we expected, it turned out that the percentage of hybrids varied 
among the different directions chosen for the plantings. The 
deviations were attributable to direction and strength of the wind 
during the period of flowering as well as to other meteorological 
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factors, chiefly precipitation. The results of this experiment were 
described in one of the writer’s reports (3). 

The data of these experiments carried out during the three years 
are summarized in Table 1. It is recognized that specific percent- 
ages may be taken only as representing approximate data to be ex- 
pected under somewhat similar circumstances and that in each case 
there may exist some variations. However, as one thing that 


TABLE 1 


HYBRIDIZATION OCCURRING IN AN EXPERIMENT IN WHICH RED GARDEN-BEETS 
AS A PoL_EN Source WERE SURROUNDED, AT DISTANCES RANGING FROM 
0 to 200 METERS, By SUGAR-BEETS. (RESULTS GIVEN AS AVERAGE 
FOR THREE YEARS OF TEST). 








Distance from central Average percentages of 
part in meters hybrids 


% %o 
From 0-80 meters : 0-24 
“ 80-200 ” * 0- 4.1 
“ 200 and more . 0- 9 


Variations 








may be stated for all cases, in carrying out the practical work with 
selected sugar-beets we may accept 200 meters as a limiting distance 
between small group plantings. On the other hand, to separate 
group plantings at such a distance from other sugar-beet plants is 
not always convenient or economical. Therefore, the groups are 
very often placed at distances of 5, 10 and 20 meters and are 
separated from each other by plants of greater height, e¢.g., hemp, 
or, in the South, sorghum, such as Sudan grass. 

Naturally there arises the question whether such separation with 
plant screens has advantageous effects. During three years work 
under the writer’s direction at the Agricultural Institute of Shito- 
mir, German carried out some experiments to test the matter. 
Group plantings of sugar-beet and red garden-beet (25 plants in 
each group) were placed in a checker board order at distances of 6, 
7, 10 and 12 meters one from another. The spaces between groups 
were sown with Italian hemp which grows to considerable height. 
Test of progenies obtained from these groups gave the results shown 
in Table 2. These data show that in some years a distance of 12 
meters between groups was sufficient to eliminate cross pollination 
if the areas between the groups of plants were sown with plants 





POLLINATION IN SUGAR-BEET 621 


capable of forming efficient screens. But it is not possible to fore- 
see all the meteorological conditions that may prevail during the 
flowering of sugar-beets. 

A better guarantee against undesirable crossing among groups 
of plantings is afforded by other means of isolation. Such experi- 
ments have been carried out by many investigators, but each time 
they got very poor seed yields. This failure cannot be attributed 
wholly to auto-sterility because frequently not only individual plants 


TABLE 2 


EFFECTS OF PLANT SCREENS GROWN BETWEEN SUGAR-BEET AND RED 
GARDEN-BEET IN PREVENTING HYBRIDIZATIONS. 








Distance between the 
Year of test sugar beet and red 
garden beet groups 


Average percent of 
hybrids in progenies 





Ist year 6 meters 17.12 
2nd year 10 meters 5.45 
3rd year 12 meters 0.72 





but also groups of plants were isolated. It is possible that failure 
of seed to set is a result of unfavorable conditions under isolators 
for formation and development of glomerules. Therefore, there 
arose the necessity of studying these condtions. Temperature and 
relative humidity under isolators have been studied by three in- 
vestigators (12, 39, 48). 

The efforts of the writer and his collaborators were also dedicated 
to this problem. In 1934 we studied the microclimate under the 
isolators, using isolators of our own construction of such size that 
from six to nine plants could be covered. Thermographs and 
humidity recorders were placed in these isolators (17). The ex- 
periments showed that the condtions inside the isolators were very 
unsuitable for growth and development of the plants. On some 
hot and humid days the temperature reached 44.5° C. At the same 
time relative humidity of the air inside the isolators was consider- 
ably lower than that outside. Owing to these facts the writer had 
to invent a new type of isolator in which these undesirable condi- 
tions would be removed. As a result of experiments extending 
over many years an isolator was constructed in which the tempera- 
ture and humidity of the air remained almost normal, that is, they 
did not differ very much from the temperature and humidity of the 
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air outside the isolator. This construction was as follows: a small 
frame was built, three walls of which were covered with cotton 
cloth. The wall that was to be turned to the north and the ceiling 
were made of glass. The height of the chamber was approximately 
190 cm., the width and length approximately 250 cm. Inside the 
chamber there was room for planting nine mother beets. Lowering 
of temperature was obtained by means of water conducted in rubber 
tubes on a platform above the isolator from a tank and allowed to 
trickle in a thin layer over the isolator’s sloping glass ceiling. The 
slight slope was from north to south. The water was allowed to 
run down the cotton stuff of the south wall of the cage and make it 
wet. The sheet of water on the glass ceiling not only lowered the 
temperature inside the isolator but also absorbed the infrared rays 
of the sunlight and thus prevented overheating of air inside the 
isolator. The cotton side wall which was turned to the south and 
which was the most heated by the sunshine remained wet all the 
time. In order to increase the evaporation of water from this wall 
a stream of air was directed on it all the time by means of small port- 
able electric fans inside the isolators. The evaporation assisted 
in cooling the air inside the isolator, and the air set in motion inside 
the isolator helped in transferring pollen from one plant to another. 
Details of construction and of the experiments have been published 
(8, 9). 

Testing of these isolators was carried out in 1937. They were 
found very effective in decreasing temperature and in raising rela- 
tive humidity inside them. For example, during the investigations 
the inside temperature (with cooling) at 1 p.m. was only 1.3°C 
more than the oustide temperature. At the same time the tem- 
perature of air in control isolators of the same construction, but 
without cooling, was 7.9°C higher than the temperature of outside 
air. Additional interesting data were obtained on hot days. For 
instance, at 1 p.m. on July 26, 1937, the temperature of outside air 
reached 27.3°C, the temperature inside the isolator with cooling 
was 30.8°C, and the temperature inside the control isolator without 
any cooling reached 44.9°C. Therefore the temperature inside 
the isolator with cooling was 14.1° lower than that of the isclator 
without cooling. As regards the humidity of the air jt can be stated 
that in control isolators, i.e., without cooling, the relative humidity 
was on the average 7.1% lower than that of outside air; in isolators 





POLLINATION IN SUGAR-BEET 623 


of our construction it was on the average 13.2% higher than that of 
outside air. It must be added that during the experiments the 
relative humidity of air inside the isolator never fell lower than 
30%, whereas in control isolators such strong decreases in humidity 
took place rather often. The amelioration of the micro-climate thus 
obtained within the isolator had its influence on the seed yields. An 
average of the data obtained is given in Table 3. 


TABLE 3 


' SUGAR-BEET SEED YIELDS AND WEIGHTS AS OBTAINED IN 
OpeEN AIR AND IN ISOLATORS. 








Yield per Absolute weight of 


Type isolator plant 1000 glomerules 





None, flowering in open air 60.75 grams 16.7 grams 
In iso'ator, cooled by water B07 © 14.1 “ 
In control isolators without cooling 38.08 “ 114 “ 





d) Isolation of large area of plantings. 

On the basis of experiments wherein we studied the distance to 
which the wind carried the pollen of sugar-beet in horizontal 
directions we may consider five to six kilometers between the 
planting areas as sufficient distance for practical purposes. Theo- 
retically, of course, we cannot be sure that even with such isolation 
there will not be any hybrids. Hybridization is most likely to occur 
at the edges of plantations areas; in the central portions the pollen 
is more apt to be of one kind. It must further be noted that solu- 
tion of the problem of distance isolation is not the same in all cases 
because many variables are involved. Of great importance are 
direction and strength of wind; weather during flowering—clear or 
rainy; the presence of different barriers for wind, such as trees; 
buildings ; the activity of insects; and finally the size of the nearby 
plantings of sugar-beets. 


MANIPULATION OF PLANT MATERIAL 


a) Hybridization by artificial pollination after anther removal. 

This method is described by Tschermak (44) who, on the basis 
of old data concerning protandry in sugar-beet, recommended 
Oliver’s method in which the flower is rinsed out after the pollen 
sacs open. New data concerning time factors in fertilization of 
sugar-beet compelled us to reject this method. Instead it was 
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necessary to castrate the flowers before they opened, then to place 
the desired pollen on the stigmas and lastly to bring the plant to 
seed under isolation. The question of the best time to apply the 
pollen arose, whether during castration operation or one or two 
days later. The greatest seed set occurred when the pollen was 
applied one or two days after castration. This operation, however, 
requires an extra opening of isolators. During the pollination 
operation it is quite possible for pollen from neighbouring sugar- 
beet plants that are in flower to reach the stigmas. Therefore, in 
order to minimize the percentage of outcrosses it is better to apply 
the chosen pollen at the moment of castration and after this to 
cover the plants with isolators (5). 

In order further to reduce danger of contamination it is preferable 
to plant the roots in individual pots or other containers, and to carry 
out the operations of castration and artificial pollination in the 
laboratory or other protected place into which the pollen from 
other plants cannot penetrate. The plants are then covered with 
the isolator and returned to the field or greenhouse. The question 
often arises about preliminary preservation of pollen to make the 
desired matings. Very interesting observations concerning the 
conditions for preservation of sugar beet pollen have been carried 
out by Harechko-Savitzky (28). 

b) Pollination between plant pairs under isolators without pre- 
liminary castration and without artificial pollination. 

Munerati recommends (33) this method for obtaining pollina- 
tions between kindred plants and thereby furthering their inbreed- 
ing. Hjalmar-Nilsson (34) mated sugar-beets by placing the 
branches of neighbour plants within one parchment isolator. Fred- 
eriksen (19) recommends enclosing pairs of mother beets under 
cloth tents. Because of the fact that sugar-beets are frequently 
auto-sterile, fertilization between the plants takes place under the 
isolators. The convenience of the method lies in the fact that here 
the fertilization occurs automatically and along the entire stalk; as 
a result, a greater quantity of seed is obtained than by applying the 
methods of artificial pollination. In one of the writer’s experiments 
the average percentage of hybrids between sugar and a red garden 
beet placed in pairs under an isolator reached 94.5%. 

c) Hybridization in isolated seed plots. 

The quantity of seeds obtainable from certain combinations of 
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breeding stocks is very often insufficient if the experiment is re- 
stricted to methods a and b just described. If we wish to conduct 
an experiment in which F, progenies are compared (as, for ex- 
ample, in experiments with heterosis), relatively large quantities of 
seed are needed. In such case we must utilize a seed plot and de- 
pend on matings between free flowering plants. Here two possibili- 
ties are available: 

I. Hybridization between individual plants of a given pedigree 
that are planted among a considerable number of plants of 
another kind. 

Experi. -nts of this sort have been carried out by Munerati (33), 
Sundelin 42) and Hallquist (26), and were repeated by the writer 
(3). Taking into consideration the practical auto-sterility of sugar 
beets, we have to consider that the percentage of hybrids should, in 
this case, approach 100%. But in each separate case subject to 
different conditions some deviations from this quantity are quite 
possible. For instance, in experiments performed by Hallquist 
(26) the percentages of hybrids in progenies varied from 73.6% 
to 100% ; in experiments by the present author the hybrids varied 
from 70.2 to 96.66%. Such deviations can be attributed to general 
factors: 

(a) differences in degree of auto-sterility of the individual plants ; 

(b) differences in the time of flowering of the two sorts being 
planted. 

(c) effects arising from the ratio of plants of the one sort to 
plants of the other, or from pollen blowing in from nearby 
plantings of one of the varieties. According to Hallquist 
(26), the distance between plantings must not be less than 
25 meters. 

II. Hybridization between distinct sorts planted out in given 

proportions to one another. 

The experiments of this type were carried out by Hallquist (26) 
and by the writer (53, 6). In the mating of two sorts (let us 
mark them A and B) the most convenient way is to plant the roots 
in the same numbers either in every other row or in checker-board 
pattern. It can then be assumed tinat seeds gathered from plantings 
A will give approximately 50% F, hybrids with B, and seeds 
gathered from B will give approximately 50% F, hybrids with A. 
However, from these theoretical percentages some deviations are 
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quite possible for the following reasons: more or less divergence in 
time of flowering of components of the cross; differential quantities 
of pollen available from sorts A and B; differences in degree of 
compatibility of given sorts; and variation within sorts A and B 
with respect to the degrees of auto-sterility. 

In one of the experiments conducted by the writer (5) the per- 
centage of hybrids between the two sorts was 50.4. By changing 
the proportions between the sorts the percentage of hybrids in the 
progenies can be increased or decreased within the limits imposed 
by the factors listed. 
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SEVENTH INTERNATIONAL BOTANICAL CONGRESS, 
StrocKHotm 1950. 


The Seventh International Botanical Congress will be held in 
Stockholm between July 12 and 20, 1950. Communication No. 3 
from the Organizing Committee containing information on time of 
final application, membership fee, costs of excursions, expenses in 
Sweden, visa and money regulations etc. is now being distributed. 
It can be obtained from the Secretary General Dr. Ewert Aberg, 
Uppsala 7, Sweden. 





THE NATURE OF THE FUNGICIDAL ACTION OF 
COPPER AND SULFUR’ 


S. E. A. McCALLAN 
Boyce Thompson Institute for Plant Research, Inc., Yonkers 3, N. Y. 


INTRODUC” 


The action of most copper a _aur fungicides in the agri- 
cultural field, with which this paper will be primarily concerned, is 
protective in nature. That is, fungicidal sprays or dusts are ap- 
plied, for example, to the healthy leaf or seed, in order to protect it 
from infection by fungus spores or mycelium. Such fungicides are 
necessarily relatively insoluble in order that they will not injure the 
foliage or be washed away by rain. Thus the question arises as to 
how these insoluble materials can exert their action and prevent the 
spores from germinating, possibly even killing them, so that the 
plant is protected from infection. 

Despite the first use of a fungicide, namely sulfur, from the time 
of antiquity, and the practical significance of the copper fungicides 
dating from the discovery of Bordeaux mixture in 1882, there are 
still differences of opinion on the mechanism of action of these two 
most important groups of fungicides. With the increasing interest 
in improving our old fungicides anid especially in developing new 
organic fungicides, it becomes of considerable practical importance 
to understand more fully the nature of fungicidal action, for by so 
doing we shall expedite considerably our search for new fungicides. 
A brief discussion of the prevailing views follows with particular 
emphasis on the more recent contributions. 


COPPER FUNGICIDES 


Copper fungicides may be grouped into three general types: basic 
salts, normal salts, organic complexes. By far the greater part of 
all research on copper fungicides has been on Bordeaux mixture, 
including attempts to explain the nature of fungicidal action. Bor- 
deaux is prepared by mixing a solution of copper sulfate pentahy- 
drate with a suspension of hydrated lime, one or both being in dilute 


1 Presented at “Symposium on Chemicals for Agriculture”, American 
Chemical Society, Washington, D. C., August 30, 1948. 
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form. The proportions of each may be varied, but usually the 
lime is equal to or in excess of the copper sulfate by weight. The 
chemistry of the resulting mixture is complex and has stimulated 
much research and many theories. At present the more recent 
work of Martin (32), which substantiates in part the earliest 
theories, seems to be generally accepted. Martin demonstrated 
that the blue precipitate of Bordeaux mixture is hydrated cupric 
oxide stabilized by adsorbed calcium sulfate. 

Most investigators are agreed that for copper to be fungicidally 
active it must become soluble in water. While small amounts of 
soluble copper can be detected in freshly made Bordeaux, the 
amount found in air-dried films, as would happen in actual practice, 
is very small. From 0.2 to 0.3 p.p.m. (29) and 0.5 p.p.m. (48) 
have been found, amounts too small to materially affect the germina- 
tion of most fungus spores. In order to explain how this practi- 
cally insoluble copper of the copper fungicides, especially Bordeaux 
mixture, goes into solution, various theories have been advanced. 
Four in particular have received most attention. These are that 
(a) CO, and other “atmospheric agencies”, (b) excretions by the 
plant or (c¢) secretions or exudates by the fungus are primarily 
responsible, while a fourth (d) holds that spores are able to absorb 
and cumulate copper from very dilute solutions and thus build up 
toxic amounts. Detailed discussions of the earlier work may be 
seen in a former paper (25). 

CUMULATIVE ACTION. The cumulative action hypothesis rests 
largely on Nageli’s work on oligodynamic action or poisoning by 
exceedingly small quantities of metallic substances in solution. 
Spores have been perfused with sub-toxic concentrations of copper 
(16) and cumulated enough copper to inhibit germination. Recent 
work (30) shows that spores of Sclerotinia fructicola are able to 
concentrate large amounts within themselves from very dilute 
solution. Martin (33, p. 138), however, concluded: “the small 
solubility product of the relatively insoluble copper compounds now 
known to be fungicidal does not encourage the acceptance of hy- 
potheses based solely on solubility in water”. 

ATMOSPHERIC AGENCIES. The action of CO, and ammonia in 
rain water and dew was much favored by earlier workers, beginning 
with Millardet and Gayon (36). Bedford and Pickering (5) 
especially expounded this view and showed that copper was brought 
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into solution by the action of CO, on Bordeaux. Gimingham (14), 
however, found that all of the soluble copper was reprecipitated 
when the CO, was withdrawn. 

Goldsworthy and Green (15) have reported that Bordeaux de- 
posits weathered out-of-doors gradually lost their toxicity to spores, 
even though copper was still present. In any event it is apparent 
that no special properties of rain or “meteoric water” are required 
for Bordeaux to exert its action, since the deposit.is toxic in dis- 
tilled water (25). 

It has been observed (55) that weathered Bordeaux deposits 
changed in composition, becoming proportionately richer in copper, 
and that they also showed an increase in soluble copper. Carbona- 
tion of the excess lime was complete in a few hours, but the in- 
creases in soluble copper appeared much later. The amount of 
soluble copper, up to 0.2 mg. per 100 sq. cm., was considered suffi- 
cient to explain in part the fungicidal action of Bordeaux mixture 
as well as its phytotoxic action. 

PLANT EXCRETIONS. The theory of plant or host excretions has 
received much speculation but relatively little actual investigation. 
As in the case of special “meteoric water”, it obviously cannot be 
the sole factor, since Bordeaux exerts its toxic effect in vitro, and 
hence at best the action can be only supplementary. Recently 
Curtis (8) has shown that guttation fluid from various leaves is 
capable of bringing copper into solution from Bordeaux and other 
copper fungicides and also that such fluid increased the fungicidal 
action of sprayed films on glass. The hypothesis is advanced that 
guttation fluid increases the solubility of the pesticide which is then 
sucked back into the leaf, causing injury. It seems probable that 
guttation fluid and other leaf secretions would play an important 
role in phytotoxicity. 

SPORE SECRETIONS OR EXUDATES. The action of spore secretions 
has appealed particularly to plant pathologists. This theory was 
first propounded by Swingle in 1896 (45) and has received the 
attention of various more recent workers (esp. 2, 25, 29, 48, 51). 
The early controversy between Barker and Gimingham (2) in 
favor of the role of the spore secretions versus the Duke of Bedford 
and Pickering in opposition is now historical. More recently it was 
shown (25) that the filtrate from distilled water in which spores 
had germinated, when added to a dried Bordeaux deposit and again 
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filtered, brought enough copper into solution to be toxic to a second 
lot of spores. The check filtrates were without effect on spore 
germination. Later McCallan and Wilcoxon (29) found that 
water extracts from various species of fungi were active in render- 
ing the copper of dried Bordeaux soluble and that in general the 
species excreting the greatest amount of solids were the most 
active in solubilizing copper and also were the most sensitive to the 
toxic action of Bordeaux. About three per cent of malic acid was 
identified in the solid matter obtained from the excretions of spores 
of Neurospora sitophila, and the presence of amino acids was also 
indicated. Glycine, aspartic acid and sodium malate dissolved large 
amounts of copper from Bordeaux mixture, while sodium cupri- 
malate and a copper glycine derivative exerted substantially the 
same toxic effect on fungus spores as copper sulfate. Thus it was 
postulated that the salts of hydroxy acids (malate and perhaps 
others) as well as of amino acids present in the spore excretions 
act on Bordeaux mixture to form soluble toxic copper salts of 
hydroxy and amino acids (29). 

This line of attack has also been carried further by Wain and 
Wilkinson (48, 51). These workers confirmed the solubilizing 
action of Neurospora sitophila spore filtrates and found that tem- 
perature and nutrient medium were factors. The solvent properties 
of aqueous solutions of amino, hydroxy and other organic acids 
were shown (48). Mannitol, succinate and fumarate were isolated 
from spore exudates, but the solvent action of their aqueous solu- 
tions is relatively weak. However, malate was not isolated, pos- 
sibly due to differences in medium (51). The hypothesis is pre- 
sented that cupri-complexes formed by the action of the spore exu- 
dates on the copper fungicide dissociate, allowing the active toxicant 
to be removed by the spore. Studies by these workers (49, 50) on 
the effect of copper protectants applied to pea seeds as protection 
against soil fungi showed that colloidal protein-like material and 
certain amino derivatives were exuded from the seed and brought 
copper into solution which resulted in both fungicidal and phyto- 
toxic action. 

THE DOSAGE-RESPONSE CURVE. Considerable impetus has been 
given to the study of the nature of fungicidal action by the relatively 
new approach of examining the dosage-response curves. Gaddum 
(13) and Bliss (6) had shown that the individual lethal doses for 
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a population of organisms are in many cases normally distributed 
against the logarithm of the dose, as shown in Figure 1. When 
the cumulated data are plotted, as is the case in practice, a sym- 
metrical sigmoid curve results for percentage response on log dose 
(Fig. 2 A). If the percentage values are converted to units of the 
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Fic. 1. Hypothetical distribution curve of individual lethal doses. Mean 
of individual lethal dose is m and standard deviation is A. All spores having 
an individual lethal dose less than concentration x fail to germinate. 
standard deviation, i.e., normal equivalent deviations of Gaddum 
(13) or probability units or “probits” of Bliss (6), a straight line 
response will result. The slope of this curve is a measure of the 
uniformity of response of the individuals, greater uniformity being 
exhibited in greater steepness, and hence it gives some indication 
of the mode of action. In practice these curves are commonly 
plotted on logarithmic probability paper where no transformations 
are required (56), as illustrated in Figure 2 B. 

Dosage-response curves of fungicides have been studied (esp. 
9, 28, 35, 38-43). It was found that the type and steepness of 
slope were determined more by the compound than by the fungus 
(28). Although the probit-log dose theory calls for a straight line 
response, non-linearity has been observed in a number of cases. 
The departures from linearity are of several types: (a) J curves, 
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concave upwards, with the percentage death. or spore inhibition 
greater than would be expected at low dosages; (b) the reverse of 
(a), with J curves convex upwards; (c) sigmoid curves, com- 
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Fic. 2. Toxicity curves for action of a copper fungicide on spores of 
Stemphyllium sarcinaeforme. A. Per cent non-germination plotted against 


logarithm of concentration. 
bility paper. 


B. Same data plotted on logarithmic proba- 
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bining (a) and (b) types; and (d) double maximum curves. The 
(a) type curves are the most common exceptions. Bliss (7) be- 
lieved this was due to the action of two different toxic agents. 
Martin et al. (35) would further separate this type curve into two, 
depending on whether the “break” in the curve occurred at the low 
or high concentration. Their explanation for the former case, 
based on the Arndt-Shutz law that low concentrations of a toxicant 
act as a stimulant, would appear more fitting for the (b) type curve 
above. Other suggested explanations for the (b) type are that 
antagonism between the metal and hydrogen ions results in a 
changed distribution of resistance above a certain concentration 
(28) or that there is more than one toxic constituent (35). 
Types (c) and (d) do not appear to have been found with copper 
compounds. 

Dosage-response curves for various inorganic and organic copper 
compounds have been examined (35). A large group of com- 
pounds, such as cupric chloride, phosphate and sulfate, yellow 
cuprous oxide and Bordeaux, exhibited a common regression coeffi- 
cient, 7.e., slope which was attributed to the cupric ion. Basic 
derivatives had smaller coefficients. Derivatives in which co- 
ordination with the formation of complex ions can occur may exhibit 
more than one regression coefficient, a tendency correlated with 
stability of the complex ion. The hypothesis is advanced that in 
Bordeaux mixture and most relatively insoluble derivatives giving 
the cupric ion regression coefficient, there is solution by the spore 
exudate by complex ion formation, yielding cupric and complex ions 
of which the cuprimalate is that of most direct toxicity. Soluble 
derivatives yield cupric ions which interact with the spore exudate 
and proceed in the same manner. With yellow cuprous oxide there 
is a decomposition, so that half the copper reaches the spore by the 
cupric ion route. The process with various other compounds, such 
as cupric oxide and basic compounds, was too complicated to 
interpret. 

THEORY OF VARIABILITY. Parker-Rhodes in a series of papers 
(38-43) has advanced a “theory of variability” to explain the 
mechanism of fungicidal action. It is postulated that the toxic 
action may take place in a series of steps and that the more steps 
the greater the variability of the spore population, since the final 
variability will be the sum of the variabilities of each spore to each 
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different step. Thus the more steps the flatter the dosage-response 
curve. By a study of the slopes of various possible compounds of 
a given toxic element, ¢.g., copper, it may be deduced that the com- 
pound with the steepest curve is the one that actually inhibits or 
kills the spores. 

The spores are said to be normally distributed against the con- 
centration raised to some power «, the index of variation. The 
value of « is determined by trial and error till the best straight line 
results. However, the basic concept is variability or U. U= 
1/«?m?b? where m is mean tolerance and b the slope. The sta- 
tistical significance of U and « may be determined by appropriate 
formulae. The U values obtained for a series of compounds of a 
toxic element are expressed as simple ratios of one another, while 
the number of atoms of the effective elements in the molecule is 
the square of U and inverse of «. Thus three copper compounds 
containing one, two and three reactive atoms of Cu would be ex- 
pected to give U values in the ratio of 1, 4 and 9, and « values of 
1.0, 0.5 and 0.33. Variability is affected by number of atoms in 
molecule, number of steps to form a permeative compound and the 
value of the equilibrium constant K, since the reactions taking place 
are also postulated in terms of equilibrium constants. 

In the case of copper it was inferred that “copper is absorbed 
by the spores more readily in the form of the monohydrated dithi- 
oureocuprous ion, or related compound, than as the simple cupric 
ion; certain cupric complex compounds tested appeared to require 
decomposition before absorption” (38, p. 404). 

This is an ingenious hypothesis, and the use of the more versatile 
« exponential transformation to straighten dosage-response curves 
is an advantage over the commonly used logarithmic transformation 
and appears equally logical. It has been pointed out (26) that 
convex curves of the (b) type will require a negative exponential 
transformation. However, the weakness of the theory of variabil- 
ity is that the values for « often lie between simple numbers, the 
number of steps in the toxic reaction and the equilibrium constants 
are not known and must be postulated, and on hypothetical grounds 
a choice must be made as to which of a number of theoretically pos- 
sible chemical compounds or reaction compounds is responsible for 
the toxic action. 

As to how the copper kills, once it has permeated the spore, there 
is need for much more information. Lin (24), studying the effect 
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of electrolytes on spore germination and on the toxicity of copper 
sulfate, found a marked antidotal effect of the electrolyte on poison- 
ing by copper. This he explained as due to peptization of the 
precipitated colloids. Marsh (30) confirmed the antidotal effect 
of salts, and observed that it was associated with an increase in 
respiration and decrease in copper absorption, which he believed 
was due to ion antagonism. From studies on the injuriousness of 
copper fungicides applied to seeds, Foster (11) concluded that the 
copper destroys sulfhydryl groups essential for the respiratory sys- 
tem. 
SULFUR FUNGICIDES 


Because of its longer history, speculation on the mode of 
action of sulfur fungicides has been greater than with copper and 
has led to even more diverse opinions. Even fairly extensive in- 
vestigation has not yet brought about complete accord. The ad- 
vent of very promising new organic sulfur fungicides has increased 
the importance of and interest in a better understanding of the 
action of sulfur on fungi. 

Inorganic sulfur fungicides, from a practical consideration, are 
of three main types: ground sulfur dust ; modified sulfurs of varying 
kinds, including pastes and wettable sulfurs; and thirdly, lime 
sulfur. In add.tion in special cases sulfur may be applied by 
volatilization. Although lime sulfur which is prepared by boiling 
together sulfur and calcium hydroxide is a polysulfide in fresh 
liquid form, when diluted and sprayed on plants and dried, a series 
of changes in composition are initiated. The attempted explana- 
tion of these chemical changes has promoted more articles even 
than those to explain the chemistry of Bordeaux or any other spray 
material (12). It now seems more or less agreed however, that 
the end result of the decomposition changes is the precipitation of 
the polysulfide sulfur as finely divided free sulfur. Thus the pro- 
tective fungicidal action of all the above forms of sulfur are in the 
end dependent on free elemental sulfur. 

Since sulfur is insoluble in water, somewhat the same questions 
must be answered as in the case of insoluble copper, to explain its 
fungicidal action. “There is scarcely a compound of sulfur which 
might conceivably be formed from the element, under conditions of 
use, to which its toxic action has not been ascribed” (52, p. 391). 
Among these compounds are sulfur dioxide, sulfuric acid, thio- 
sulfuric acid, pentathionic acid and hydrogen sulfide. Even the 





638 THE BOTANICAL REVIEW 


element itself in finely divided or vapor form has been suggested 
as the active agent. As pointed out before (52), “there is a great 
diversity of opinion expressed and much of the early work is 
inconclusive and not supported by adequate experimental evidence”. 
There are extensive reviews of the earlier work (¢.g., 10, 18, 19, 
45, 58). 

ACTION AT A DISTANCE. Various investigators have shown that 
sulfur could act “at a distance”. To explain this, some of them (3) 
postulated a “particulate” state, but this state was demonstrated 
by others (18, 19) to be merely sulfur vapor which would sub- 
sequently condense. 

OXIDATION PRODUCTS. Earlier views that the action was due to 
sulfur dioxide or sulfuric acid do not seem to be generally sub- 
stantiated. Young and associates in a series of papers (21-23, 57- 
59) have advanced the theory that pentathionic acid, an oxidation 
product of sulfur, is the active toxic agent. These conclusions were 
challenged (44, 52) on the grounds that the H-ion concentration 
of pentathionic and related acids could explain its toxicity, which 
is identical with sulfuric acid, and that the neutral salts were non- 
toxic. It was concluded that while traces of pentathionic acid 
may be present in sulfur fungicides, the acid is not a factor of im- 
portance in the fungicidal action (52). 

HYDROGEN SULFIDE. One of the oldest and at present most 
actively supported theories is that hydrogen sulfide is responsible. 
This was first proposed by Pollacci in 1875. Marsh (31) and 
Barker (1) demonstrated that hydrogen sulfide was produced when 
various species of higher plants and fungi were dusted with sulfur. 
Marsh (31) also showed that hydrogen sulfide was toxic to ger- 
minating spores. These studies were carried further by McCallan 
and Wilcoxon (29) who found that the relative susceptibility of 
eight fungi to sulfur and to hydrogen sulfide was the same; also that 
if the production of hydrogen sulfide by these same spores was 
expressed in units equal to the amount necessary to reduce their 
germination 50 per cent, the sulfur-sensitive ones produced more 
than one unit and the sulfur-resistant ones less than one unit. 
Horsfall (20) showed further that if the spores of the sulfur- 
sensitive Sclerotinia fructicola are mixed with the spores of the 
sulfur-resistant Macrosporium sarcinaeforme in the presence of 
sulfur, the latter are killed or at least inhibited from germinating, 
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presumably because of the excess H.S produced by Sclerotinia. 

It was previously found (52) that hydrogen sulfide was from six 
to 200 times as toxic as pentathionic or sulfuric acid to the spores 
of germinating fungi. However, against actively growing fungi 
it appears likely that hydrogen sulfide is somewhat less toxic (27, 
34). McCallan and Wilcoxon (29) observed that actual contact 
between spores and sulfur was not necessary for reduction to hy- 
drogen sulfide and that the reaction appeared enzymatic in nature, 
and the presence of an -SH group (possibly in glutathione) was 
detected in spores of Sclerotinia. The theory was advanced that 
sulfur vapor diffuses from the sulfur particles to the spores where 
it is reduced within or on the spores to form toxic hydrogen sulfide. 
Comparative studies with selenium and tellurium supported this 
theory (54). 

PARTICLE SIZE. In addition to strictly chemical considerations, 
physical factors such as particle size have been shown to have an 
important bearing on fungicidal activity, especially with. the sulfur 
fungicides. Thus it has been shown (53) that the toxicity of 
sulfur dusts increases with a decrease in particle size and that the 
dust furnishing the greatest number of particles per unit weight is 
the most toxic. Adherence of sulfur fungicides also has been found 
to increase with decreasing particle size (47, 53). 

ORGANIC SULFUR FUNGICIDES. The most important organic sul- 
fur fungicides and the only ones on which we have any appreciable 
information as to the nature of fungicidal action are the derivatives 
of dithiocarbamic acid and related compounds, the so-called di- 
thiocarbamate fungicides. There are three groups of practical 
interest : the original tetramethylthiuram disulfide; metallic salts of 
dimethyldithiocarbamate, especially iron and zinc; and salts of 
ethylene bisdithiocarbamate, especially sodium and zinc. 

In investigations (17) on the fungicidal properties of some metal 
dialkyl dithiocarbamates, the dimethyl compounds proved most 
fungicidal, the diethyl intermediate, and the dibutyl least fungicidal. 
The presence of the characteristic > N—C—S group was not in 


itself sufficient to explain fungicidal properties. By a series of 
eliminating steps, Horsfall (20) argued that the toxicity of tetra- 
methylthiuramdisulfide was probably due to the C=S rather than 
to the —S—S— grouping. However, many C==S compounds are 
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relatively ineffective as fungicides. Parker-Rhodes (42) believed 
that the dithiocarbamates are decomposed by the spores into amine 
and carbon disulfide, both being toxic. These compounds, however, 
are very much less toxic than the dithiocarbamates. 

One of the most noteworthy characteristics of this group of 
fungicides is the peculiar double maximum dosage-response curve 
exhibited by a number of the compounds. This type of curve (d) 
was recorded above in the discussion of dosage-response curves. 
This phenomenon was first reported by Dimond et al. (9) for 
tetramethylthiuram disulfide and independently confirmed for vari- 
ous thiuram sulfides, etc., by Montgomery and Shaw (37). Di- 
mond et al. (9) explained this on the basis of dissociation of the 
toxicant to a more toxic dissociated molecule. In an extensive 
study of the fungicidal action of the metallic alkyl bisdithiocarba- 
mates, Barratt and Horsfall (4) observed this type of dosage- 
response curve also for sodium and ferric dimethyldithiocarbamate. 
It was “assumed that the peak at the high concentration is due to 
the liberation of H.S by hydrolysis and rearrangement of the C=S 
group, and that the peak in the lower concentrations is due to the 
splitting of the molecule into two dithiocarbamate ions that 
could combine with metals in the spore to form direct salts” 
(4, p. 48). The general conclusion postulated on the basis of two 
known reactions was that disodium bisdithiocarbamate inhibits 
spores by one or both of two reactions, (a) by liberating H.S which 
may alter the proteins of the spores by addition of sulfhydryl groups 
and (b) by forming metal salts by substitution of the sodium, that 
is, “the trace metals which the fungus needs in its metabolism are 
made unavailable either through the formation of metallic sulfides 
or metal salts of ethylenebisdithiocarbamic acid” (4, p. 48). 


CONCLUSIONS 


In summarizing available information on the mechanism of the 
fungicidal action of copper it appears most likely that exudates, 
such as hydroxy and amino acids, produced from fungus spores 
react with the “insoluble” copper fungicides to form soluble toxic 
copper complexes. These copper complexes exert the direct fungi- 
cidal action and vary in composition, depending on the original 
fungicide and probably also the fungus. While this is the primary 
fungicidal action, it is supplemented by the copper brought into 
solution by atmospheric agencies and host plant exudates. These 
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two agencies, however, likely play the most important role in 
phytotoxicity or host plant injury. Finally cumulative action is 
also a supplementary factor, though perhaps indistinguishable from 
and a part of the action by spore secretions or exudates. 

In the case of the sulfur fungicides the various theories of me- 
chanism of action are more or less mutually exclusive. The evi- 
dence favors action at a distance by means of the vapor, and that 
the vapor can react with the spore or other plant tissue to produce 
hydrogen sulfide, the active toxic agent. Hydrogen sulfide pro- 
duced by action of the plant is probably of importance only in phyto- 
toxicity. 

The dosage-response curve is a valuable tool in the interpretation 
of the nature of fungicidal action and should aid in a better under- 
standing of this intricate mechanism. 
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Nothing can take the place of a good microscope slide in 
botany instruction, especially to show clearly that struc- 
ture is a basis for function. However, the slide must be 
good, even though it is not perfect. If the slide can be 
beautiful as well as clear, it becomes a fine piece of teach- 
ing equipment. 


TRIARCH slides, we believe, embody these points more 
completely than any other slides on the market, as we stain 
them regularly with our famous quadruple combination of 
safranin, crystal violet, fast green and gold orange, unex- 
celled for tissue differentiation. Also, as we stain all 
sections by the same schedule, our slides give you com- 
parative checks on age and development of tissues. Many 
cytological points are emphasized by Triarch stain, and 
host-parasite relations are clearly demonstrated in patho- 
logical tissues. 


Increasing numbers of botanists are realizing the teaching 
value of Triarch slides, together with the convenience of 
Triarch accuracy and prompt service, as evidenced by the 
fact that since 1938 we have sold more than 500,000 slides 
to more than 1000 patrons in 19 different countries. 


Our new 1949 Catalog, No. 8, is now being distributed. 
Write for a copy if you do not have one, and watch for 


special announcements in our quarterly publication, TRI- 
ARCH TOPICS. 


Geo. H. Conant 


Triarch Botanical Products :-: Ripon, Wisconsin 
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By J. Ben HI, Lee O. OvERHOLTS, and HENRY W. Popp, The Pennsylvania 
State College. McGraw-Hill Publications in the Botanical Sciences. In press 


This well known text has been carefully revised in order to record recent advances 
in the field and to improve the teachability of the text. The new edition covers 
advances in the field such as photosynthesis, respiration, fermentation and enzymes, 
metabolism, hormones and vitamins, ete. New sections have been added on viruses, 
actinomycetes, diatoms, ete. 


A TEXTBOOK OF SYSTEMATIC BOTANY 
By DEANE B. SwincLe. Third edition. 343 pages, $3.50 


This text embodies the suggestions of many of the best taxonomists in the country. 
The author meets the need for a textbook that approaches the subject by way of 
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FIELD MANUAL OF PLANT ECOLOGY 


By Frank C. GaTEs, Kansas State College and University of Michigan Bio- 
logical Station. McGraw-Hill Publications in the Botanical Sciences.. 142 
pages, $3.00 ; 


This manual gives directions for exercises and experiments which will enabie the 
student to begin a study of plant ecology in the field, to gather data which cun be 
used to describe various types of vegetation and also to study individual plants in 
relation to their environment. 


FOREST PATHOLOGY 


By Joun S. Boyce, Department of Forestry, Yale University. Second edition. 
526 pages, $6.00 


This successful book has been thoroughly revised. Much of it has been en:irely 
rewritten to include a wealth of information on such topics as salt spray ir .ury, 
Phymatotrichum root rot, phloem necrosis of elm, Adelopus needle cast of Dos glas 
fir, septoria canker of poplars, canker stain of planetree, oak wilt, mimosa 
persimmon wilt, and several other rots. New material has been included o 
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a new text for the full-year course 


COLLEGE BOTANY 


HARRY J. FULLER 
OSWALD TIPPO 


University of Illinois 


Hundreds of striking illustrations and a clear, 
well-rounded exposition make this an exceptionally fine choice for the general 
course in college botany. The authors give a full account of the most recent 
advances in the field of plant physiology, emphasize the economic uses of 
plants, and show the practical applications of botanical principles. The 
modern natural classification of plants is presented, and in the survey of the 
morphology of plant groups their phylogeny is stressed. Each chapter con- 
cludes with a well-organized summary, a list of questions for study, and a 
selected bibliography. The appendix contains a complete glossary of all 
technical terms used in the pook. 


“The students liked the book and I am so pleased with the completeness and 
the modern approach of the text that I am planning to use it in the regular 
school year starting this fall term. I believe the book is far superior to any 
other text on the market at the present time.” 

—-Richard A. Howard, Harvard University 


“,..an excellent piece of work. The inclusion of a large amount of material 
on such topics as p!ant hormones, hydroponics, and other modern physiologi- 
cal topics is most welcome in a general botany text. I think the photographs 
and line drawings are especially well done. It is a pleasure to see so many 
new illustrations in a general text. . . . The addition of a bibliography at the 
end of each chapter will be most useful to those who wish to follow a given 
topic in greater detail. The systematic section of the book is well done. ... 
We intend to use the text this year in our general botany courses beginning 
with the fall session.” —Frank G. Lier, Columbia University 


“We especially like the completeness of the text and the frequent reference 
to the practical applications of botanical principles. The text seems very 
well balanced.” —A. T. Guard, Purdue University 
1949—993 pages—$5.75 
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